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Battery degradation limits the lifespan of energy storage devices. This dissertation focuses 
on developing self-reporting strategies that enable in situ or operando characterization of cathodic 
Mn dissolution, which is a major cause of the capacity fade for some cathodes, and release of 
battery additives triggered by electrolyte degradation to self-stabilize the cathode-electrolyte 
interface. 
Lithium manganese oxide (LMO) is a promising cathode material for lithium-ion 
batteries due to its high operating voltage, high thermal stability, environmental friendliness, and 
low cost. One of the most significant issues limiting its performance is the dissolution of Mn, 
which leads to the loss of active components from the cathode, as well as the plating of Mn-rich 
solid electrolyte interface (SEI) on the anode. We develop and implement a self-reporting system 
to characterize the Mn ion dissolution during the cycling process. A UV-vis spectroscopic 
detection system consisting of a Mn probe and proton absorber is employed for this purpose. The 
Mn ion concentration is proportional to the normalized absorption peak intensity at the 
characteristic peak wavelength of the probe-Mn complex. The detection system is 
electrochemically and spectroscopically stable at the operating potential of Li-ion batteries. A 
customized battery cell with optical windows is built to characterize Mn ion dissolution during 
the cycling process.  
Besides spectroscopic analysis, we also investigate the mass transport of Mn in the 
customized cell with image analysis. The diffusion coefficient of the probe-Mn complex in the 
electrolyte is calculated based on the Mn ion distribution profile at the open-circuit condition. 
The experimental parameters for spectroscopic study are optimized with image analysis to 
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provide a uniform Mn distribution in the electrolyte. The onset potential of Mn dissolution is 
determined in a miniature cell with a small electrolyte thickness and at high magnification. We 
find Mn dissolution starts with the emergence of the current response from LMO. 
Correlations between Mn dissolution, electrochemical reaction, and LMO phase 
transition are revealed in the operando Mn dissolution study. Mn dissolution occurs most rapidly 
at potentials corresponding to the phase transition potentials of LMO. Structural instability and 
change in surface chemistry during the LMO phase transition are regarded to be the cause of Mn 
dissolution. Furthermore, Mn dissolution intensifies after LMO is overdischarged to 2.5 V. Jahn-
Teller distortion on Mn(III) at overdischarge potential causes irreversible damage to LMO and 
leads to enhanced dissolution in successive Mn dissolution. 
Battery additives are widely used to alleviate the capacity fade induced by the 
degradation at the electrode-electrolyte interface. 3-hexylthiophene (3-HT) is a battery additive 
that electro-polymerizes on the cathode surface during cycling and forms a protective passivation 
layer. However, prolonged or excess presence of 3-HT in the electrolyte induce side reactions 
and deteriorate battery performance. We design and prepare stimuli-responsive microcapsules 
with 3-HT as the core material. The microcapsules are stable in the battery electrolyte but rapidly 
release the core material on contact with HF, one of the electrolyte degradation products. 3-HT 
microcapsules are released upon electrolyte degradation and self-stabilize the cathode-electrolyte 
interface. The release profile of microcapsules in carbonate solvents with trigger ions further 
confirms the decomposition mechanisms of the shell wall polymer. Microcapsules are spin-
coated on the cathode surface to control the spatial distribution of released 3-HT. We 
demonstrate an improved battery capacity and charge transfer properties with the autonomous 
release of 3-HT at the cathode surface during cycling. 
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CHAPTER 1:  INTRODUCTION 
Recent developments in portable electronics and electric vehicles demand batteries with 
higher capacity and higher rate capability.[1–3] Li-ion batteries are composed of three major 
electrochemically active components: cathode, anode, and electrolyte, as shown in Figure 1.1. 
The most common active materials for cathode are lithium metal oxides.[1,4,5] Oxides of transition 
metals (Co, Ni, Mn) form a scaffold for lithium ion intercalation. The cost of cathode materials 
accounts for the most significant portion of the total cost of a Li-ion battery.[6] Carbon (graphite, 
Mesocarbon microbeads) is the most prevalent active material for anode.[2] Alternative anode 
materials include silicon and Li metal. The electrolyte is usually composed of lithium salt and 
carbonate solvents.[3,7] During the charging process, Li+ ions are delithiated from the cathode and 
intercalated into anode; during discharge, Li+ ions are removed from the anode and lithiated into 
the cathode.  
 
Figure 1.1. Schematic of major components in a Li-ion battery.[8] 
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Li-ion batteries undergo degradation induced by various physical and chemical side 
reactions during cycling.[9–11] Figure 1.2 shows an overview of major degradation mechanisms 
on cathode, anode, separator, and current collectors. The cathodic aging is primarily caused by 
transition meal dissolution, structural disordering, mechanical failure, and formation of resistive 
cathode-electrolyte interface (CEI) layer. These mechanisms prompt the loss of lithium inventory 
and the loss of active cathode materials, and eventually lead to capacity and power fade of Li-ion 
batteries. 
 
Figure 1.2. Overview of main degradation mechanisms in Li-ion batteries.[9] 
The focus of this dissertation is on understanding one of the degradation mechanisms of 
LMO cathode materials and on the development of strategies to mitigate battery degradation 
with on-demand delivery of battery additives. 
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1.1 Mn Dissolution from Lithium Manganese Oxide 
Lithium manganese oxide (LiMn2O4, LMO) is a promising cathode material for the next 
generation of lithium-ion batteries due to its high capacity, low cost, and low toxicity.[8,12,13] The 
material has a spinel crystal structure, with oxygen atoms packed in a face-centered cubic (FCC) 
structure (Figure 1.3a).[13] The Mn atoms occupy half of the octahedral sites in the space group 
Fd3m. The Li atoms at tetragonal sites and the half-filled octahedral vacancies form a three-
dimensional pathway for lithium diffusion. During the delithiation process, LMO experiences 
two stages of phase transitions, at around 3.96 V and 4.07 V respectively.[14–16] In the first stage, 
less than 40% of lithium atoms are extracted, accompanied by a decrease in lattice parameters. 
Once the lithium extraction exceeds 40% (LixMn2O4, x ≤ 0.6), the second stage phase transition 
rapidly converts spinel LixMn2O4 to cubic λ-MnO2.[17] The phase transitions corresponds to two 
current peaks at the same potentials in cyclic voltammogram of LMO cathode, as well as two 
voltage plateaus in galvanostatic cycling.[14] 
Mn element is reduced to +3 valence when LMO is overdischarged (over-lithiated). 
Mn(III) has 4 electrons in d orbital and suffers from Jahn-Teller distortion, where its electronic 
state geometrically distorts and loses degeneracy.[17–19] Jahn–Teller distortion increases the c/a 
ratio of the LMO lattice from 1 to 1.16 and induces a large anisotropic volume change to the 
LMO cathode.[20] The distortion leads to a mismatch between tetragonal sites for Li atoms and 
octahedral sites for vacancies in the spinel structure, and eventually affecting the three-
dimensional Li+ diffusion pathway.[21] 
LMO suffers from Mn ion dissolution that results in rapid capacity degradation in Li-ion 
batteries.[22–25] Various mechanisms have been proposed to explain the dissolution behavior 
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shown in Figure 1.3b.[26–28] Side reactions between electrolyte solute LiPF6 and water / 
carbonate solvent induce HF generation, causing chemical dissolution due to increased acidity of 
electrolyte.[26,28–30] Overcharging of LMO (extracting too many Li+ ions out of LMO structure) 
leads to structural instability at the end of charging cycle and successive dissolution.[31–35] 
Overdischarging LMO (inserting too many Li+ ions) changes the composition of LMO from 
LiMn2O4 to Li2Mn2O4 and leads to Jahn-Teller distortion.[17,28,36] This an anisotropic distortion 
in the lattice is believed to be one of the causes of Mn ion dissolution. Phase transition of spinel 
LMO at operating voltage might also contribute to Mn dissolution. A positive correlation 
between Mn ion dissolution and the difference in lattice parameters before and after phase 
transition has been reported. 
Mn ion dissolution from an LMO cathode degrades the battery performance in two 
approaches. Loss of the active component in the cathode reduces the amount of Li+ ions that can 
be stored inside cathode and accounts for 20%~40% of the capacity loss. The major contribution 
of Mn ion dissolution to capacity loss comes from the increase in cell resistance due to Mn 
deposition. The dissolved Mn ions are attracted by negative electrochemical potential at the 
anode side. Mn2+ ions tend to be plated onto anode and form a solid electrolyte interface (SEI) 
layer.[28] Though a positive correlation between Mn dissolution and capacity loss has been 




Figure 1.3. Structure and dissolution mechanisms of LMO. (a) The crystal structure of LMO.[13] 
(b) Possible Mn2+ ion dissolution mechanisms in LMO cathodes.[22] 
 
1.2 Characterization Techniques of Mn Dissolution in Lithium-ion Batteries 
Mn ion dissolution into electrolyte has been characterized in prior researches with 
various ex-situ and in situ methods. Mn ion concentration in the electrolyte was measured 
primarily using ex-situ techniques such as atomic absorption spectroscopy (AAS),[30] chemical 
titration,[37] differential pulse voltammetry[22] and inductively coupled plasma mass 
spectrometry (ICP-MS).[38] In most ex-situ experiments, either LMO cathode or LMO powder 
was stored in the electrolyte at a particular condition and then sampled for elemental analysis. 
Although ex-situ techniques reveal some of the factors affecting manganese dissolution 
(temperature, electrochemical potential, electrolyte acidity, etc.), they do not provide 
sufficient information on Mn dissolution during the electrochemical process. In situ 
techniques are desired to understand the Mn dissolution mechanism.[28] 
Terada et al. reported the increase in Mn concentration in the electrolyte as cycle 
number increases by in situ sampling of electrolyte with capillary tube followed by total 
(a) (b) 
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reflection X-ray fluorescence (TXRF) analysis.[39] However, the technique can only measure 
Mn concentration for a limited number of times in each cycle due to the sampling rate of 
capillary tube. Wang et al. used a rotating ring disk electrode (RRDE) technique to investigate 
the relationship between the electrochemical potential of the LMO cathode and Mn 
dissolution/re-deposition rate (Figure 1.4).[40] Mn dissolved from LMO cathode was 
electrochemically deposited on a Pt ring electrode. Manganese dissolution/deposition rate was 
calculated based on the ring current of the Pt electrode. However, the RRDE method requires 
a high scan rate to generate detectable ring current. At a high scan rate, only monotonous 
change in disk current was observed during the voltage scan, indicating that no valid lithium 
intercalation is going on during the measurement. The manganese dissolution profile obtained 
from RRDE only represents the behavior of LMO under specific electrochemical conditions, 
rather than the actual lithium intercalation process. A real-time, non-destructive Mn detection 
method with high resolution is necessary to shed light on the dissolution mechanism during 
the electrochemical lithiation-delithiation process in lithium-ion batteries. 
 
Figure 1.4. Characterization of Mn dissolution via RRDE experiments. (a) Cyclic 
voltammogram in RRDE tests. (2) Dependence of ring current evolution (correlated to Mn2+ ion 
concentration) and applied potential.[40] 
(a)  (b) 
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UV-vis spectroscopy is a common technique used to determine the concentration of a 
specific chemical by optical absorption. Detection of Mn ions in electrolyte via UV-vis 
spectroscopy requires a chemical probe to chelate with Mn ion and change its absorption 
spectrum. The probe needs to be stable in the harsh chemical environment in lithium-ion 
batteries under applied external voltage.[41] Furthermore, the probe must be capable of 
distinguishing Mn ions from concentrated Li+ ions in the electrolyte.[30] 
4-(2-Pyridylazo) resorcinol (PAR) has been reported to form a stable complex with 
transition metal ions in neutral to basic aqueous solutions.[42] Its excellent selectivity on 
transition elements enables PAR to detect Mn ions at the presence of concentrated Li+ ions in the 
electrolyte. A proton sponge (PS) was used as a proton absorber to activate PAR in an organic 
solvent with its strong basicity.[43] In this dissertation, we present a new technique to detect Mn 
ion concentration in the electrolyte by employing PAR-PS probing system for UV-vis 
spectroscopy. The technique enables in situ detection of Mn ion in the electrolyte during the 
charging/discharging process of Li-ion batteries. 
1.3 Controlled Delivery of Battery Additives 
Various characterization methods have been developed to understand battery degradation, 
as well as methods to mitigate battery degradation. Battery additives have been developed either 
to enhance electrolyte stability, improve physical properties of electrolyte, or to facilitate 
formation of SEI. Thiophene derivatives (i.e., 3-hexylthiophene, 3-HT) forms a conductive 
passivation layer on the cathode surface, reduces cell impedance after prolonged cycling, and 
minimizes capacity degradation.[44] However, the presence of excess additives deteriorates 
8 
battery performance due to increased impedance, reduced ionic conductivity, and other possible 
side reactions (Figure 1.5a).  
 
Figure 1.5. The application of battery additive 3-HT and its encapsulation. (a) Capacity retention 
profile of NMC cathode with different concentrations of 3-HT in the electrolyte.[45] (b) 
Encapsulation of 3-HT in inert shell-wall structure, and the electrochemical response after 
manually crushing capsules.[46] 
Controlled delivery of additives to Li-ion batteries improves lifetime and cycling 
performance. Baginska et al. successfully encapsulated 3-HT in polyamide microcapsules.[46] 
The polyamide shell wall was stable in battery electrolyte, and the capsules released 3-HT after 
mechanical crushing (Figure 1.5b). In a real battery system, an alternative autonomous strategy 
is required to release 3-HT during the operation, when and where 3-HT is needed. This 
dissertation investigates microcapsule shell wall materials that are responsive to the change of 
chemical environment inside the battery and enable smart-release. 
1.4 Stimuli-responsive Microcapsules for Smart Delivery of Additives 
Triggered-release of encapsulated payloads is a common strategy for the autonomous 
delivery of reactive chemicals to a confined environment shown in Figure 1.6.[47] Encapsulated 
(a)  (b) 
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electrolyte additives have been shown to remain stable in the battery environment without 
affecting electrolyte conductivity or inducing side reactions during the storage period before 
cycling.[46,48,49] Baginska et al. reported successful encapsulation of 3-HT in chemically inert 
polyamide microcapsules, which could be released by mechanical rupture induced by electrode 
deformation.[46] Lim et al. prepared microcapsules that released vinylene carbonate gradually 
over time during the SEI formation process.[48] Yim et al. reported temperature-responsive 
microcapsules that release fire retardants into batteries.[49] In this dissertation, we investigate the 
triggered release of battery additives with chemical stimuli generated from electrolyte 
degradation. 
 
Figure 1.6. Schematic of a stimuli-responsive microcapsule. The capsule releases its contents 
upon activation from chemical triggers.[47] 
1.5 Overview of Thesis Research 
In this dissertation, we present results on two major projects: 1) Self-reporting of Mn ion 
dissolution from LMO cathode with in situ characterization technique and 2) Self-stabilization of 
cathode-electrolyte interface with controlled release of battery additives.  
In Chapter 2, we develop an the in situ technique to detect Mn ions dissolved in the 
battery electrolyte. We incorporate a UV-vis probe and an organic base into the electrolyte and 
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measure the Mn ion concentration via UV-vis absorption spectroscopy. We also examine the 
electrochemical and spectroscopic stability of the probe and the base in cycling conditions. A 
qualitative in situ Mn dissolution test is demonstrated with a customized battery cell. 
In Chapter 3, we utilize image analysis instead of spectroscopy to characterize Mn 
dissolution in the electrolyte. A new custom cell is designed that allows Mn detection with 
transmitted light source. Hue, a numerical representation of the degree of color change, is used to 
indicate Mn concentration in the electrolyte. Mn ion distribution profile unveils the transport of 
Mn in the electrolyte. The diffusion coefficient of the PAR-Mn complex in the electrolyte is 
calculated based on image analysis in the open-circuit condition. We improve the experimental 
parameters to allow a uniform Mn distribution in the electrolyte during electrochemical cycling 
for the operando spectroscopic characterization. A miniature cell with thin electrolyte thickness 
is developed to allow image analysis at high magnification. Mn dissolution profile at the cathode 
electrolyte interface reveals that Mn dissolution occurs as soon as the current response emerges. 
In Chapter 4, we further investigate the operando Mn dissolution during the 
electrochemical process of the LMO cathode. We measure Mn dissolution in electrolyte and 
strain evolution in LMO cathode during galvanostatic cycling to analyze the electro-chemo-
mechanical properties of LMO. The findings reveal a strong correlation between Mn dissolution 
and phase transitions of LMO cathode. We also characterize Mn dissolution during LMO 
overdischarge and propose a new degradation mechanism based on our observation.  
In Chapter 5, we describe the preparation and characterization of HF-responsive 
microcapsules that autonomously release encapsulated battery additive (3-HT) upon electrolyte 
degradation. The HF-responsive shell-wall structure is prepared by interfacial polymerization 
between an amine-terminated silsesquioxane and trimesoyl chloride. The microcapsules are 
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incorporated in a coin cell and are thermally stable within battery operating temperature (0-
60 °C). The release profile of the microcapsules is measured in freshly prepared electrolyte and 
degraded electrolyte. We also characterize the release profile in carbonate solvents with trigger 
ions to verify the degradation mechanism of shell wall polymer. 
In Chapter 6, we further study the effect of HF-responsive microcapsules on the 
performance of NMC/carbon coin cell batteries. Microcapsules are either added in the electrolyte 
without spatial confinement or coated on the cathode surface. We characterize the capacity and 
charge transfer properties of coin cells with microcapsules and with different incorporation 
methods. The study shows significant potential for the triggered release strategies of 
encapsulated battery additives to enhance battery performance. 
Chapter 7 summarizes the results of both projects and potential future directions for the 
research. We demonstrate a self-reporting technique to characterize Mn ion dissolution with a 
novel Mn detection probe (Chapter 2). The technique is used to study the correlation between 
Mn dissolution and cathode electrochemical reactions (Chapter 3), and the mass transport of 
dissolved species in the electrolyte (Chapter 4). This technique can be potentially used to 
investigate the dissolution of other transition metal ions. The customized battery for optical 
characterization can be used to study sulfur dissolution in Li-S batteries. In the other project, we 
encapsulate battery additives in a novel HF-responsive polymeric shell wall (Chapter 5) and 
improve the battery performance with the autonomous release of additives (Chapter 6). The HF-
responsive polymer can be potentially used in fields such as HF-indication, silicon industry, and 
lithography. 
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CHAPTER 2: DIRECT DETECTION OF MN2+ ION CONCENTRATION 
IN LITHIUM-ION BATTERIES* 
*Parts of this chapter were published in: L. Zhao L., E. Chénard, Ö.Ö. Çapraz, N.R. Sottos, and 
S.R. White, J. Electrochem. Soc. 2018, 165, A345-A348. 
2.1 Introduction 
Lithium manganese oxide (LiMn2O4, LMO) is a promising cathode material for the next 
generation of lithium ion batteries due to its high capacity, low cost, and low toxicity.[50] 
However, LMO suffers from Mn2+ ion dissolution that results in rapid capacity degradation in 
Li-ion batteries.[22–25] Manganese dissolution has been investigated at elevated temperature,[22] 
overdischarge,[26] and high electrolyte acidity conditions.[27] Mn2+ ion concentration in 
electrolytes has been measured primarily using ex situ techniques such as atomic absorption 
spectroscopy (AAS),[30] chemical titration,[37] differential pulse voltammetry,[22] and inductively 
coupled plasma mass spectrometry (ICP-MS).[38] Although ex situ techniques reveal some factors 
affecting manganese dissolution, they do not provide sufficient information to understand the 
detailed manganese dissolution mechanisms occurring.[28]  
The in situ detection of Mn2+ ions in electrolytes has been attempted previously.[39,40] 
Terada et al. reported an increase in manganese ion concentration in the electrolyte with 
electrochemical cycle number by in situ sampling of the electrolyte with a capillary extraction 
tube and subsequent ex situ total reflection X-ray fluorescence (TXRF) analysis.[39] However, the 
technique can only measure manganese ion concentration over a relatively lengthy period of time 
in each cycle due to a limited sampling rate. Wang et al. used a rotating ring disk electrode 
(RRDE) to investigate the dissolution of manganese by collecting dissolved Mn2+ ions on a ring 
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electrode and measuring the ring current.[40] However, a high scan rate (100 mV/s) is required for 
this technique, and cyclic voltammetry at this scan rate cannot resolve any detailed 
understanding of the lithium intercalation process. A real-time, non-destructive manganese 
detection method with high resolution is needed to understand the dissolution mechanism of 
Mn2+ during charging and discharging of Li-ion batteries. 
UV-vis spectroscopy is a potential technique for quantitatively determining the 
concentration of a certain chemical species (e.g. Mn2+) by its optical absorption spectrum. 
Detection of Mn2+ ions in a battery electrolyte via UV-vis spectroscopy requires a chemical 
probe that will combine with a Mn2+ ion and alter the absorption spectrum. The probe must be 
stable in the electrochemical environment experienced by Li-ion batteries.[51] Furthermore, the 
probe must be selective and capable of distinguishing Mn2+ ions from other ions present (e.g. 
Li+) in the electrolyte.[37]  
The chemical probe 4-(2-pyridylazo) resorcinol (PAR) has been reported to form a stable 
complex with transition metal ions in neutral to basic aqueous solutions.[42] Its excellent 
selectivity of transition elements enables PAR to selectively detect Mn2+ ions even in the 
presence of concentrated Li+ ions within the electrolyte, shown in Figure 2.1. In addition, PAR 
is soluble in carbonate solvent for battery electrolyte. In electrolyte, an organic base is required 
as a proton absorber in order to activate the PAR within the electrolyte.[43] Here, we present a 
new technique for the in situ detection of Mn2+ ion concentration in Li-ion battery electrolyte by 
employing indicator PAR and UV-vis spectroscopy. The technique is potentially applicable for 






Figure 2.1. Proposed mechanism of chelation between PAR and Mn2+ ions.[42] 
2.2 Experimental 
2.2.1 Materials[42] 
LiMn2O4 (LMO, electrochemical grade), LiPF6 (98%), ethylene carbonate (EC, 
anhydrous, 99%), dimethyl carbonate (DMC, anhydrous, >99%), 4-(2-pyridylazo) resorcinol 
(PAR, 96%), proton sponge (PS, 1,8-Bis(dimethylamino)naphthalene), Phosphazene base P1-t-
Bu-tris(tetramethylene) (BTPP, tert-butylimino-tri(pyrrolidino)phosphorane), manganese(II) 
acetylacetonate (Mn(acac)2), manganese(III) acetylacetonate (Mn(acac)3), carboxymethyl 
cellulose sodium salt (CMC) were purchased from Sigma Aldrich. Carbon black (Timical Super 
P) was purchased from MTI. Li foil (0.75 mm thick, 99.9%) was purchased from Alfa Aesar. 
Chemicals were used without further purification. 
2.2.2 Preparation of Mn-Detection Electrolyte 
Electrolyte solvent for all electrochemical testing consists of 1 mol/L LiPF6 in EC and 
DMC 1:1 by volume. 3 mL vials of electrolyte containing 31 μmol/L PAR, 2.3 mmol/L PS and 
different concentrations (0~20 μmol/L) of Mn(acac)2 were prepared in an Ar glovebox. The 
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electrolytes were then analyzed by UV-vis spectrometer (Shimadzu UV-2401PC). For in situ 
detection, an alternative organic base BTPP was chosen for better long-term stability. 
The electrochemical stability of PAR and PS were tested in a 20-mL beaker cell with a Pt 
wire as the cathode and Li foil as the anode. The electrodes were separated by 1 cm and placed 
within a glass beaker to which was added 7.5 mL of the electrolyte containing PAR/PS and 
Mn(acac)2. Either a constant voltage of 4.5 V for 1.5 hours or a constant voltage rate of 1 mV/s 
from 3.5 V to 4.5 V were applied with a battery cycler (Arbin, BT 2000). 
2.2.3 Fabrication of LiMn2O4 Composite Electrode 
LMO cathodes were prepared by casting a slurry consisting of LMO, Super P carbon 
black, CMC, and DI water with 8:1:1:50 weight ratio respectively. The slurry mixture was 
homogenized at 8000 rpm for 1 hour, casted on 15 μm Al foil blasted with grit 600 sandpaper 
with a doctor blade set at 15 μm and dried in ambient condition overnight. 
2.2.4 Custom Cell for Direct Observation of Electrolyte Absorption Spectrum 
The customized cell for electrolyte spectroscopic analysis was modified from the design 
reported by Jones et al.,[52] shown in Figure 2.2. A 2-mm diameter aperture was opened at the 
back of custom cell, located between LMO cathode and Li metal anode, and sealed with quartz 
window. The cell was aligned in a way that the incident light can penetrate through the aperture 
and received by the UV-vis detector from the front window. The cathode film after drying was 
cut into a ½ inch diameter disk and spot-welded onto the current collector of the customized cell. 
The cell was cycled at 50 μV/s between 3.5 V and 4.5 V. Ocean Optics Q2000 was used to 
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record the UV-vis absorption spectrum of the electrolyte every minute during electrochemical 
cycling. 
 
Figure 2.2. Customized cell for in situ dissolution test. 
2.3 Results and Discussion 
2.3.1 Spectroscopic Detection of Mn2+ ion in Battery Electrolyte 
Mn2+ ion concentration in the electrolyte was detected using PAR as a UV-vis indicator 
and PS as an activator. The role of the PS is to deprotonate the PAR molecule and enable its 
chelation with Mn2+ ions. The stability constant of the complex between the deprotonated PAR 
and a Mn2+ ion is ~106 times higher than the protonated one in aqueous conditions.[53] In a 
carbonate solvent, as is typical for Li-ion batteries, the protonated PAR cannot react with Mn2+ 
without the presence of the PS. Figures 2.3a and 2.3b show the optical images and the UV-vis 
spectra of electrolytes with PAR and PS at different Mn2+ ion concentrations obtained by adding 
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different concentrations of Mn(acac)2. In the absence of Mn2+ ions, the electrolyte exhibits a 
yellow-orange color and its spectrum shows an absorption peak at 490 nm wavelength. As the 
Mn2+ ion concentration increases, new absorption peaks at 520 nm and 534 nm emerges and the 
electrolyte color becomes bright red. 
The electrolyte spectrum with only PAR and PS present (Mn2+ = 0 μmol/L) is subtracted 
from raw spectra in order to highlight the characteristic peak of the PAR-Mn complex in Figure 
2.3c. 534 nm peak is chosen because it has the strongest absorption response after background 
subtraction, and potentially has the most accuracy in determining Mn concentration. By 
extracting the characteristic peak intensity at 534 nm with respect to Mn2+ ion concentration, a 
calibration curve is generated in Figure 2.3d. At concentrations below ca. 16 μmol/L, the peak 
intensity is linear with respect to Mn2+ ion concentration, as is expected from the Beer-Lamber 
Law, with a correlation coefficient 0.997. At Mn2+ ion concentrations above 16 μmol/L, the 
absorption peak intensity saturates and begins to deviate from linearity. Thus, quantifying the 
concentration of Mn2+ ions is possible via UV-vis spectroscopy up to certain concentration 
range. Increasing the PAR concentration within the electrolyte can expand the detectable range 
as well (Figure 2.4).  
When PAR concentration increased from 30 μmol/L to 150 μmol/L, peak absorption 
intensity at 534 nm demonstrated linear correlation with Mn2+ ion concentration up to ca.75 
μmol/L. The concentration range of quantitative Mn2+ ion detection is half of the PAR 
concentration, further supporting the proposed chelation mechanism that 2 PAR ligands chelate 
with 1 Mn2+ ion. Though the detection range can be extended with increased indicator 
concentration, the absorption intensity of measured liquid also increases correspondingly. As a 
result, it is more likely for the measured solution to reach the maximum absorption limit of UV-
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vis spectrometer (Absorption = 5). In addition, the calibration curve with higher PAR 
concentration has a smaller slope, resulting in less accuracy in quantifying Mn2+ ion 
concentration. The optimum concentration of indicator PAR needs to be determined by 
experimental cell configuration and the estimated dissolved Mn ion concentration. 
There is a debate on the valence of Mn dissolved in Li-ion battery electrolyte. Aurbach et 
al. measured the valence of Mn ions dissolved in battery electrolyte with electron paramagnetic 
resonance (EPR) and reported the Mn3+ fraction accounted for 60-80% of total dissolved Mn 
element.[54] In order to confirm the influence of Mn valence on spectroscopic detection in this 
work, we added 20 μmol/L of Mn(acac)2 and Mn(acac)3 into electrolyte containing 31 μmol/L 
PAR and 2.3 mmol/L PS (Figure 2.5). In the presence of Mn2+, the solution immediately turned 
into pink after preparation, and the absorption spectrum showed characteristic peak at both 520 
nm and 534 nm. With the addition of Mn3+ at the same concentration, electrolyte first exhibited 
skin color, with UV-vis absorption at 534 nm alone. Absorption intensity at 520 nm increased 
with time, and eventually the absorption spectrum became the same as PAR with Mn(acac)2 in 
30 minutes. The result shows PAR can chelate with Mn ions regardless of valence (II or III). A 
possible explanation to the evolution in absorption spectrum is that PAR is a conjugated aromatic 
azo compound with sufficient delocalized electrons. When PAR chelates with Mn(III), it can 
potentially donate or share one electron with Mn(III) and reduce it to Mn(II). As a result, PAR-
Mn(II) and PAR-Mn(III) complex exhibit the same absorption spectrum after equilibrium. 
Though PAR cannot well differentiate Mn(II) from Mn(III), it is still able to detect and quantify 




Figure 2.3. The detection of Mn2+ ion concentration in Li-ion battery electrolyte with a UV-vis 
probe. (a) Optical images of electrolytes with the probe PAR/PS at different Mn2+ ion 
concentrations. The numbers on vials correspond to Mn2+ ion concentration in μmol/L. (b) Raw 
UV-vis spectra of electrolytes in (a). (c) Spectra after background subtraction of the Mn2+ =  











Figure 2.4. Extension of Mn2+ ion detection range by increasing PAR concentration. The PS 
concentration remains unchanged. Though the linear regime has expanded, high absorption value 
(low transmission) at high PAR concentration might lead to a larger systematic error. 
 
 
Figure 2.5. Evolution from Mn3+ to Mn2+ in PAR-PS system. Mn2+ and Mn3+ ions are introduced 
by adding Mn(acac)2 and Mn(acac)3 respectively. (a) Optical image of electrolyte containing 
PAR-PS, together with no Mn, Mn3+ and Mn2+, from left to right, immediately after preparation. 
(b) UV-vis spectrum of solution with no Mn and Mn2+. (c) UV-vis spectrum of solution with 
Mn3+ over time (recorded at 0, 3, 5, 10, 15, 20, 25 and 30 minutes). The solution with Mn(acac)3 
gradually changed in color from skin-color to pink within 30 minutes, and its absorption 
spectrum resembled that of Mn(acac)2. PAR is an organic compound with azo benzyl structure. 
Mn3+ is reduced to Mn2+ by delocalized electrons in PAR, and the eventually shows the spectrum 








(a) (b) (c) 
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2.3.2 Electrochemical Stability of Mn-detection Probes 
Electrochemical stability of the PAR-PS probe was examined by applying external 
voltage. Platinum and lithium electrodes were used as the cathode and anode respectively of a 
battery cell in order to avoid introducing any manganese during the electrochemical test. Mn2+ 
ions at different concentration were introduced to the electrolyte containing PAR and PS. The 
typical operation conditions for commercial LMO electrodes are between 3.5 V and 4.5 V vs. 
Li/Li+.[37] In one set of tests, a constant voltage at 4.5 V was applied for 1.5 hours to simulate 
exposure to high potential in a battery. In a second set of tests, cyclic voltammetry experiments 
were carried out between 3.5 V and 4.5 V at scan rate 1 mV/s for 2 cycles. Figure 2.6a and 2.6b 
shows the UV-vis spectra and peak intensity extraction for of electrolytes with different Mn2+ ion 
concentrations from potential hold and cyclic voltammetry experiments. In both cases, a slight 
shift in peak intensity around 500 nm was observed in the spectrum due to the instability of PS at 
high potential, however, the characteristic peak intensity of PAR-Mn2+ complex at 534 nm was 
consistent regardless of electrochemical conditions at each Mn2+ ion concentration. Figure 2.6c 
shows the dependence of the characteristic peak intensity on the Mn2+ ion concentration in open 
circuit, constant voltage, and cyclic voltammetry conditions. The results presented in Figure 2.6 
indicate that the external voltage does not affect the chelation of Mn2+ ions with PAR. Therefore, 
UV-vis spectroscopy with the PAR/PS probe is a promising technique for the in situ detection of 
Mn2+ ions during electrochemical cycling of Li-ion batteries. 
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Figure 2.6. Electrochemical stability of the UV-vis probe in electrolyte. (a) UV-vis spectra 
before (solid line) and after (dash line) applying 4.5 V for 1.5 hours. (b) UV-vis spectra before 
(solid line) and after (dash line) cyclic voltammetry between 3.5 V and 4.5 V at 1 mV/s for 2 
cycles. (c) Characteristic peak intensity at 534 nm before and after applying various 






2.3.3 Direct Observation of Mn Dissolution during Cycling Process 
Dissolution profile of LMO cathode in the 1st cycle was characterized in the customized 
cell.  Figure 2.7 shows the current response and change in absorption intensity at 534 nm during 
cyclic voltammetry. The electrolyte absorption intensity started to increase when the current peak 
emerged. The result suggests that part of the Mn dissolution is correlated to the electrochemical 
process, besides well-known dissolution mechanisms obtained from immersion tests.[22,26–28] 
Possible explanations have been proposed by other researchers on Mn dissolution during 
electrochemical reaction, such as structural instability of LMO due to phase transition and 
dissolution assisted by decomposed electrolyte upon cathode delithiation.[18,34] Further research 
with UV-vis spectroscopy will be carried out to understand dissolution phenomenon in details in 
Chapter 3. 
2.4 Conclusion 
In the presence of a proton absorber, PAR is demonstrated as a viable UV-vis probe to 
detect Mn2+ ions in Li-ion battery electrolytes. The characteristic peak intensity of the PAR-Mn2+ 
complex was obtained by background subtraction from the raw spectra. A linear relationship 
between the characteristic peak intensity and Mn2+ ion concentration is observed up to a 
saturation limit of 16 μmol/L for a concentration of 31 μmol/L PAR in the electrolyte. The probe 
system was stable when subjected to external voltage. The characteristic absorption peak 
intensity at 534 nm remained unchanged in both potential hold (4.5 V) and cyclic voltammetry 
(3.5 to 4.5 V) experiments. In situ detection of Mn2+ ions in electrolyte during cyclic 
voltammetry was performed in a customized cell. Our results reveal the presence of correlation 
between dissolution and electrochemical process. 
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Figure 2.7. Current response and absorption intensity at 534 nm in a cyclic voltammetry test. (a) 






CHAPTER 3: IMAGE ANALYSIS OF MN DISSOLUTION IN 
LITHIUM-ION BATTERY ELECTROLYTE 
3.1 Introduction 
In previous chapters, we characterized Mn dissolution via spectroscopic analysis at a 
specific point in the custom cell. Two key unanswered questions remain regarding Mn 
dissolution that cannot be resolved by spectroscopic analysis: 1) the spatial distribution of Mn in 
the electrolyte, and 2) the accurate onset potential of Mn dissolution from LMO cathode. 
In the spectroscopic analysis, the Mn dissolution is extracted from the measurements of 
the intensity of the characteristic absorption peak of the PAR-Mn complex. The Mn 
concentration is proportional to the increase in normalized absorption peak intensity and is 
calculated from careful calibration. Here, we instead monitor the electrolyte color change from 
yellow to red associated with increasing Mn concentration. To assess Mn concentration from 
color images, the color change must be quantified systematically. 
Image analysis of Mn dissolution enables the acquisition of a real-time Mn distribution 
profile in the electrolyte. In this chapter, we calculate a parameter that numerically represents the 
degree of color change obtained from the image sequence of electrolyte during cycling. We track 
the distribution of color-changing PAR-Mn complex in the electrolyte and study its mass 
transport behavior. With the help of image analysis, we optimized the custom cell design and 
experimental parameters to achieve uniform Mn distribution during operando characterization. 
A different custom battery cell is designed to study the Mn dissolution onset potential 
from the LMO cathode. The new cell has a smaller electrolyte layer thickness that fits in the 
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depth of field of our imaging lens at high magnification. We perform image analysis with 
different anode materials (Li or carbon) to adjust the onset potential of current response. 
3.2 Experimental 
3.2.1 Materials 
LiMn2O4 (LMO, electrochemical grade), LiPF6 (98%), ethylene carbonate (EC, 
anhydrous, 99%), dimethyl carbonate (DMC, anhydrous, >99%), 4-(2-pyridylazo) resorcinol 
(PAR, 96%), Phosphazene base P1-t-Bu-tris(tetramethylene) (BTPP, tert-butylimino-
tri(pyrrolidino)phosphorane), carboxymethyl cellulose sodium salt (CMC), polyethylene oxide 
(PEO, Mw~9,000,000), and manganese acetyl acetonate (Mn(acac)2) were purchased from Sigma 
Aldrich. Carbon black (Timical Super P) and Mesocarbon Microbeads (MCMB) were purchased 
from MTI. Li foil (0.75 mm thick, 99.9%) was purchased from Alfa Aesar. Bulk 
polychlorotrifluoroethylene (PCTFE, Kel-F) was purchased from 3M. Chemicals were used 
without further purification. The cathode film preparation follows the same process, as is 
described in Chapter 2. The electrolyte for Mn detection is composed of 1 mol/L LiPF6 in 
EC/DMC, 1:1 by vol, with 60 μmol/L PAR and 2.3 mmol/L BTPP, prepared in the glove box. 
Instead of proton sponge in Chapter 2, an alternative proton absorber BTPP with a better 
electrochemical stability was used in this chapter. 
For MCMB slurry preparation, MCMB, Super P, CMC, and H2O were homogenized at 
8:1:1:35 ratio for 1 hour with a 1-minute interval for cool down every 15 minutes. For PEO gel 
electrolyte preparation, 15 wt% PEO was dissolved in the electrolyte  in the glove box. 
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3.2.2 Custom Cell for Operando Mn Dissolution Characterization 
The customized cell for electrolyte spectroscopic analysis is demonstrated in Figure 3.1. 
The cell chamber was sealed with two quartz windows that allowed light transmission. The LMO 
cathode was spot-welded to the top surface of a cubic stainless-steel current collector, and the Li 
metal anode was pressed onto a similar stainless-steel current collector with a rough top surface 
to enhance metal-to-metal adhesion. The other five surfaces of the cubic current collector were 
covered by polytetrafluoroethylene (PTFE, Teflon) to minimize contact with electrolyte. The 
center of the bottom surface was threaded to allow electric connection with the exterior circuit, 
and the connection was sealed with an O-ring. Cathode and anode current collectors were 
assembled at two sides of the cell, facing each other with a distance between top surfaces to 
allow light transmission through the gap.  
 
Figure 3.1. Custom cell components and experimental setup for operando Mn detection. (a) 




3.2.3 Optical Imaging Setup for Mn Dissolution Visualization 
For image analysis, the electrode separation can be adjusted between 2.6 mm and 11.7 
mm by using current collector blocks with different thicknesses, as shown in Figure 3.2a,b. 
Instead of a spectrometer, we employed a color camera (Basler A602fc) to record the image 
sequence of custom cell during electrochemical cycling. The imaging setup is sown in Figure 
3.2c. A camera lens with a 50 cm focal length was mounted on the camera. A tungsten light 
source was connected to a planer diffuser for background lighting. The diffuser provides a 
uniform transmitted illumination and separates the custom cell from the heat-generating light 
source.  
LabVIEW program was used to control the imaging process. For image analysis of 
custom cell with liquid electrolyte, we selected 20 ms exposure time and 350 dB gain to ensure 
that the electrolyte color was identical over experiments. Images were acquired in one minute 
interval. 
3.2.4 Miniature Cell for Mn Dissolution Analysis at High Magnification 
A miniature cell, shown schematically in Figure 3.3a, was designed and manufactured to 
allow image analysis with higher magnification. The cell was constructed from four glass plates 
(25 mm length× 25 mm width× 1 mm thick). The cathode was fabricated by coating an LMO 
slurry (prepared as described in Chapters 2 and 3) on an Al current collector. Li metal was cut 
into strips and pressed onto a Cu current collector to form the anode. We also prepared a carbon 
anode by coating MCMB slurry on a Cu current collector. 
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Figure 3.2. Custom cell and setup for image analysis. (a) Custom cell with minimum electrode 
separation (2.6 mm). (b) Custom cell with maximum electrode separation (11.7 mm). (c) 
Imaging setup for the custom cell.  
 
Figure 3.3. Miniature cell and image setup for image analysis at high magnification. (a) 
Schematic of miniature cell with PEO gel polymer electrolyte. (b) Imaging setup for miniature 
cell. 
The anode and cathode were carefully positioned at fixed separation on the glass slides 













Al current collector 
Cu current collector Glass slides 
PEO gel electrolyte 
LMO cathode  
Li or MCMB anode  
(a) (b) 
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cell was sealed with Epoxy (Devcon) and cured for one hour in the glove box, as shown in 
Figure 3.3b. The assembled miniature cell was suspended overnight to allow bubbles to 
accumulate in the top region of the cell outside the imaging area. A lens tube with 12× max 
magnification was mounted on the Basler camera for higher magnification. 
3.2.5 Image Analysis of Hue Value 
Hue is defined as the degree of deviation from color basis (red, green, blue, and yellow), 
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       (Equation 3.1) 
In Equation 3.1, R, G, and B represent the value of red, green, and blue (0-255) in the 
RGB color code, respectively. Hue values of electrolyte containing indicator (46 μmol/L PAR, 
2.3 mmol/L BTPP) and different Mn concentration introduced by adding Mn(acac)2 were 
measured in the custom cell and plotted versus Mn concentration, as shown in Figure 3.4b. 
When electrolyte color changes from yellow to red as Mn concentration increases, the Hue value 
of the electrolyte drops from ca. 45° to ca. 0°. Within a specific range, Hue value exhibits a 
linear correlation with Mn concentration and can be used as the calibration curve to calculate Mn 
concentration. ΔHue is defined as the Hue value at time t subtracted from the Hue value at the 
initial stage, which corresponds to the electrolyte without any Mn, following:  
ΔHue = Hue - Hue  at each pixel
initial t
     (Equation 3.2) 
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When ΔHue is between 0° and 45°, it falls in the linear region where ΔHue is 
proportional to Mn concentration. ΔHue is calculated at each pixel in the image analysis to 
understand the distribution of Mn in the cell chamber. The evolution in ΔHue mapping allows 
the study of transport properties of the PAR-Mn complex in the electrolyte. 
 
Figure 3.4. Analysis of Hue value and correlation with Mn concentration. (a) Schematic of color 
appearance parameters (Hue, Saturation, Value).[56] (b) Linear correlation between Mn 
concentration and Hue value. 
3.3 Results and Discussion 
3.3.1 Diffusion of Mn in Liquid Electrolyte 
Images of electrolyte were acquired during cycling in the custom cell at the largest 
electrode separation (11.7 mm) to understand the mass transport of dissolved Mn in the 
electrolyte during electrochemical cycling. The custom cell was cycled at 50 μV/s from open-
circuit potential to 4.5 V, kept at 4.5 V for 5 hours, and then cycled back to 3.5 V (Figure 3.5a). 
The 5-hour voltage hold at 4.5 V allows Mn dissolved during the delithiation process to transport 
into the cell chamber. Figures 3.5b-d show the color images of electrolyte and the corresponding 
ΔHue mapping at the early stage of voltage hold (522 min), at the end stage of voltage hold (752 
(a) (b) 
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min), and during LMO lithiation cycle (952 min), respectively. The corresponding imaging times 
are also depicted  in Figure 3.5a. At the start of voltage hold (Figure 3.5b), all of the Mn ions 
dissolved during delithiation accumulate near the cathode surface. Blue color dominates the 
ΔHue mapping, indicating low Mn concentration in the custom cell chamber. After ca. 5 hours of 
voltage hold (Figure 3.5c), Mn diffuses away from the cathode surface into the electrolyte. The 
concentration gradient drives Mn ions to diffuse from a high concentration region near the 
cathode surface to a low concentration region in the cell chamber. Because the cathode retains a 
higher potential than the anode in a voltage hold experiment, negatively charged PAR-Mn 
complex also migrates from cathode to anode. We also observed an accumulation of Mn near the 
anode at this stage, possibly due to the electrical attraction between positively charged Li+ ions 
on the anode surface and negatively charged PAR-Mn complex. During the lithiation process 
(Figure 3.5d), LMO undergoes a phase transition from Cubic(III)  back to Cubic(I) and released 
more Mn ions into the electrolyte. On the anode side, positively charged Li+ ions migrate from 
the Li metal surface to electrolyte, together with the PAR-Mn complex. As a result, Mn 
concentration near the anode decreases during the LMO lithiation cycle. 
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Figure 3.5. ΔHue mapping in a custom cell with electrode spacing at 11.7 mm. (a) Voltage, current, 
and ΔHue calculated at different locations. Image and ΔHue mapping at (b) 522 min, at the early 
stage of the potential hold. (c) 752 min, at the end stage of voltage hold. (d) 952 min, during LMO 
discharge cycle. 
The diffusion coefficient of the PAR-Mn complex in the electrolyte can be estimated 
from the image sequence showing the evolution of Mn ion distribution over time. When no 
external potential is applied, the transport of Mn ions is driven by Fickian diffusion. The process 
is described by a one-dimensional punctual release model (Figure 3.6a).[57] The model describes 









         (Equation 3.3) 
Concentration C is a function of position x and time t. In the model, all mass is constrained 
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        (Equation 3.5) 
Given sufficient time for diffusion, the system reaches an equilibrated state where mass evenly 
distributes in length l, at a concentration noted as ΔCtotal. The solution to the partial differential 
equation (PDE) is: 
















      (Equation 3.6)[57] 
The solution contains an infinite series with exponentially decaying terms. The relative value of 
exponential terms at small indices (m=0, 1, -1) is depicted in Figure 3.6b. The term at m=-1 only 
accounts for less than e-4 (ca. 1.8%) of the summation. Terms with large series index m become 
negligible when we numerically solve the equation. The simplified solution to the PDE can be 
expressed as: 
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   (Equation 3.7)  
Position x, time t, concentration C(x,t), equilibrated concentration ΔCtotal, and chamber length l 
can be directly obtained from the image analysis and used to solve diffusion coefficient D 
numerically. 
We calculated the diffusion coefficient from images acquired during a voltage ramp 
experiment. The cell was ramped to 4.5 V to release Mn to the region within a distance δ from 
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the cathode. Then, the custom cell was left at open circuit condition to minimize migration due to 
the charged electrode surface and limit the mass transport to diffusion-driven behavior alone. 
The electrochemical response (voltage, current) and representative Mn concentration at the 
center point between cathode and anode (x=l/2) is shown in Figure 3.6c. Electrode spacing l was 
set to 11.7 mm so that δ is small compared to l, as a better fit to the 1 D punctual release model. 
The diffusion coefficient was calculated based on the Mn concentration profile. In 
Equation 3.7, equilibrated concentration ΔCtotal is estimated to be 23 µmol/L and the chamber 
length l is fixed at 1.17 cm. Parameters on Mn ion distribution including position x, time t and 
concentration C(x,t) are obtained from the ΔHue mapping. With only one unknown variable in 
Equation 3.7, the diffusion coefficient D is numerically solved. The averaged diffusion 
coefficient of the PAR-Mn complex is (1.7 ± 0.4)·10-5 cm2/s. As a reference, the diffusivity of 
Mn2+ ions in water is 0.688·10-5 cm2/s;[58] the diffusivity of Li+ ions is 1.030·10-5 cm2/s in water 
and 0.4·10-5 cm2/s in carbonate solvent EC/DMC.[59] The measured result is on the scale of 10-5 
cm2/s and is a reasonable estimation for ionic diffusivity in carbonate solvent. The possible 
sources of error originate from the following factors:  
1) Non-ideal Fickian diffusion. The diffusion process does not necessarily follow Fick's 
second law. Though the custom cell was left open-circuited, the residual charge on the electrode 
surface takes time to neutralize and fully dissipate. Migration contributes to Mn transport as a 
consequence and introduces a positive bias to the diffusion coefficient. 
2) Non-ideal boundary condition. Mn does not necessarily distribute uniformly along the 
vertical direction. Perturbation in the Mn distribution at the initial state could lead to fluctuation 
in the Mn ion distribution. In addition, dissolved Mn is not completely constrained within 
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distance δ in real experiments. Deviation from the ideal 1 D punctual release model also results 
in a random error. 
 
Figure 3.6. 1-D punctual release model to analyze the diffusion coefficient of PAR-Mn 
complex.[57] (a) Schematic for the 1-D punctual release process. (b) The value of terms in infinite 
series in Equation 3.6 at small index (m=0, ±1). (c) Electrochemical test to simulate the punctual 
release process. The Mn concentration at the center point between cathode and anode (x=l/2) is 
depicted.  
 
3.3.2 Improved Custom Cell Design for Operando Characterization of Mn Dissolution with 
Spectroscopy 
Diffusion induces nonuniform distribution of Mn ions in the cell chamber. In the 
operando analysis in Chapter 3, a uniform Mn ion distribution is required so that the Mn 
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concentration measured at a single spot with spectroscopy represents the average Mn 
concentration in the electrolyte. Here, we explore the influence of experimental parameters such 
as electric connection, electrode separation, and cycling condition on the distribution of Mn ions. 
The LMO cathode film was spot-welded on the current collector to maintain electric 
connection. A small amount of LMO was scratched from Al foil to expose the metallic substrate 
at the welding spots for a better electrical conductivity. An increase in welding spots improves 
electric conductivity and mitigates the loss of electric connection from cathode deformation at 
the cost of losing active cathode materials. We explore the distribution of Mn ions in the 
electrolyte, when the LMO cathode is spot-welded with different patterns. 
When the LMO cathode was spot-welded to the current collector only at the center 
(Figure 3.7a), the conductivity was highest at the center welding spot. In this case, Mn 
dissolution occurred mostly at the center, where LMO undergoes the most rapid lithium 
intercalation and possesses the highest overpotential. When four additional welding spots were 
added (Figure 3.7b), Mn transported from cathode to electrolyte more. Mn dissolved and 
propagated into electrolyte with a semicircular wave front, possibly led by sufficient electric 
contact at the edges. When four edges of the cathode film were spot-welded to the current 
collector, together with the center spot (Figure 3.7c), Mn exhibited a planer diffusion pattern. 




Figure 3.7. The influence of the cathode electrical connection on Mn distribution during cycling. 
LMO cathode was spot-welded on current collector at (a) center only (b) center + four corners 
(c) center + four edges. The ΔHue mappings were obtained during CV experiments. 
Electrode separation in the custom cell determines the diffusion pathlength of Mn. ΔHue 
was calculated at different spots in the cell chamber to verify whether Mn concentration 
measured from point analysis is representative of the average Mn concentration in the 
electrolyte. Mn dissolution profiles obtained from point analysis resemble the results obtained 
from spectroscopic analysis in Figure 2.7. ΔHue was averaged over a small circular region (1 
Center + 4 edges 
Center only 






































mm in diameter) located at left (L, black), middle (M, red) and right (R, blue), as shown in 
Figure 3.8a. In addition, ΔHue was averaged over the entire area between electrodes (Average, 
magenta) as a representation of average Mn concentration in the electrolyte. The cycling 
condition was the same as in Figure 3.5a.  
When there was a large electrode separation (11.7 mm) in Figure 3.8a, none of the ΔHue 
profile from point analysis (L, M, R) accorded with the average ΔHue profile (Average) during 
cycling. ΔHue near electrodes (L, R) increased rapidly, which accorded with our observation in 
Figure 3.5c that dissolved Mn accumulates near both electrodes before cathode lithiation. 
During cathode lithiation, PAR-Mn complex transported together with surface Li+ ions from the 
anode (Figure 3.5d) and resulted in a decrease in ΔHue at the "R” spot at around 950 minutes. 
When the electrode separation was decreased to 7.4 mm in Figure 3.8b, ΔHue profile 
measured at the middle point (M) accorded well with the average ΔHue (Average) throughout the 
entire cycling process; however, there was a huge deviation between the average ΔHue and 
ΔHue profile measured near both electrodes (L, R). When the electrode separation was further 
decreased to 4.5 mm in Figure 3.8c, not only ΔHue measured at the middle point matched well 
with the average ΔHue, but the deviation between ΔHue sampled from different points (L, M, R) 




Figure 3.8. The influence of electrode separation on Mn distribution in the custom cell during 
cycling. The custom cell was cycled at 50 μV/s from open-circuit potential to 4.5 V, kept at 4.5 
V for 5 hours to allow sufficient Mn diffusion, and then cycled back to 3.5 V. The experiment 
was conducted on the custom cell with electrode separation at (a) 11.7 mm (b) 7.4 mm (c) 4.5 
mm.  
The cycling condition also impacts the Mn ion distribution. In cyclic voltammetry, the 
external potential is forced to ramp up (down), regardless of whether the electrochemical 
11.7 mm 















reaction reaches an equilibrium. Overpotential and non-equilibrated electrochemistry could 
affect the spatial distribution of Mn. LMO was cycled in a custom cell with a small electrode 
spacing (2.6 mm), either through CV or galvanostatic cycling for one cycle. ΔHue was calculated 
over spots (1 mm in diameter) located at left (L, black), middle(M, red), and right (R. blue), as 
specified in Figure 3.9a. In the CV experiment, ΔHue profile measured at the center point (M) 
accorded well with the average ΔHue (L, R) throughout the cycle. Minor spatial deviation in 
ΔHue was observed at around current peaks, shown visually in Figure 3.9b and numerically in 
Figure 3.9d. At around current peaks in CV, external voltage changes faster than the 
electrochemical reaction equilibrates. Overpotential at non-equilibrated state generates charged 
electrode surface and leads to non-uniform distribution of Mn. In galvanostatic cycling at a slow 
rate (C/10), the ΔHue profile at all sampled locations (L, M, R) in the electrolyte accorded with 
the average ΔHue (average) over the entire cycle. Cycling the custom cell with a constant 
current ensured an equilibrated electrochemical condition during lithium intercalation reaction. 
We employed image analysis to characterize experimental parameters affecting the Mn 
ion distribution in the custom cell electrolyte during electrochemical cycling. We found uniform 
spot-welding (spot-welding at the center point and four edges), small electrode separation (2.6 
mm), and galvanostatic cycling (0.1 C) resulted in a uniform Mn distribution. Using these 
experimental parameters, the Mn concentration profile obtained from point spectrum analysis 
represents the average Mn concentration profile in the entire custom cell. 
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Figure 3.9. The influence of cycling connection on Mn distribution in the custom cell. (b) ΔHue 
mapping at 800 minutes in CV experiment (50 μV/s, 3.5-4.5 V). (c) ΔHue mapping at 800 min in 
galvanostatic cycling (0.1 C, 3-4.3 V). (d) Voltage, current, and ΔHue profile in the CV. (e) 
Voltage, current, and ΔHue profile in the galvanostatic cycling. The 800-minute point is labeled 


















(a) (b) (c) 
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3.3.3 Image Analysis of Mn Dissolution in Miniature Cell at High Magnification 
In the custom cell in Figure 3.1, the electrolyte depth was 16 mm. The thick electrolyte 
layer enhances the absorption signal in spectroscopic measurement, as well as the degree of color 
change in image analysis. The cell is well designed for the characterization of electrolyte at low 
magnification. However, the cell is not applicable for characterization at high magnification due 
to insufficient depth of field. A cell with reduced thickness is desirable to characterize Mn 
dissolution near the electrode surface at high magnification. In the miniature cell design in 
Figure 3.3, electrode and electrolyte thickness is reduced to 1 mm, enabling improved image 
analysis of Mn dissolution at the electrode-electrolyte interface in a sharp focus. The accurate 
onset potential of Mn dissolution is measured with image analysis at the interface. 
Image analysis was performed on the miniature cell during cyclic voltammetry (Figure 
3.10a). The sequence of color images was converted to ΔHue mapping to analyze the evolution 
of Mn ion distribution during cycling. Prior to cycling, ΔHue is 0 throughout the entire imaged 
area, and no Mn was present in the electrolyte (Figure 3.10b). As soon as current response 
emerged at 260 min, Mn started to dissolve from the cathode and was released into the 
electrolyte (Figure 3.10c). The onset point of Mn dissolution is identified in the miniature cell 
owning to the high magnification. After one CV cycle, Mn propagated from the cathode towards 
the anode, in the meanwhile Li dendrite (mossy structure on the anode) started to grow from the 
anode (Figure 3.10d). After two CV cycles, Mn ions distributed throughout the entire electrolyte 
(Figure 3.10e). The transport of Mn is suppressed in PEO gel electrolyte, due to reduced 
permeation rate of PAR-Mn complex in the polymeric network. As a result, we observed a sharp 
boundary between the Mn-rich region and Mn-free region in the electrolyte, and the sharp Mn 
front propagated from cathode to anode as cycling proceeded. The thickness of the colored 
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electrolyte in the miniature cell is much smaller than in the custom cell, and the consequential 
color change from Mn dissolution is also smaller. Therefore, increase in ΔHue is much smaller in 
the miniature cell compared to the results measured in the custom cell. 
 
Figure 3.10. Mn ion distribution in a miniature cell (LMO vs. Li) in a CV experiment. (a) 
Voltage and current profile of two CV cycles. ΔHue mapping of PEO gel electrolyte at (b) 0 
minute (before CV) (c) 260 minute (start of dissolution) (d) 500 minute (after one CV cycle) (e) 
1071 minute (after two CV cycles). The scale bar is 1 mm. The cathode is located on the left side 
of electrolyte; the anode is located on the right side of electrolyte in the image. 
We were able to characterize the onset point of Mn dissolution from LMO cathode with 
image analysis on miniature cells at high magnification. As previously observed in Figure 3.10c, 
the onset of dissolution occurred right after the emergence of current response, prior to the 
current peaks in CV experiments. A similar result was observed in the miniature cell with LMO 
and MCMB as electrode materials (Figure 3.11). When Li metal anode was replaced by carbon 
anode, the open circuit potential of the cell decreased to 0.96 V. During cyclic voltammetry, 
impurities such as overlithiated LMO (Li1+xMn2O4) delithiate before regular LMO, resulting in 
minor current response between 2-3 V. We observed the start of Mn dissolution at 2.3 V, where 











cell that Mn dissolution is accompanied by the start of current response in the electrochemical 
reaction. 
 
Figure 3.11. Characterization of Mn dissolution onset potential. Cyclic voltammogram of 
miniature cell with LMO vs. Li (black) and LMO vs. MCMB (red) as electrodes. The arrow 
shows the onset point of Mn dissolution observed from image analysis.  
3.4 Conclusion 
We performed image analysis of Mn dissolution in this chapter. Electrolyte color change 
from the PAR-Mn complex was characterized by Hue value instead of absorption spectrum. Mn 
concentration was proportional to ΔHue between 0° and 45°. 
In the image analysis of custom cell, we studied the transport of Mn during the 
electrochemical process. Mn diffusion from the cathode surface and Mn migration towards the 
charged electrode surface control the Mn ion distribution in the electrolyte. The diffusion 
coefficient of PAR-Mn complex was calculated based on the 1 D punctual release model and the 
Mn concentration profile during the diffusion process after linear sweep voltammetry. The 
calculated diffusion coefficient of PAR-Mn is (1.7 ± 0.4)·10-5 cm2/s. We also utilized image 
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analysis to optimize the experimental parameters to suitable for operando spectroscopic 
characterization. We achieved uniform Mn distribution in the electrolyte with appropriate 
welding spots, narrow electrode separation, and slow galvanostatic cycling conditions.  
In the image analysis of miniature cell, we observed Mn dissolution from the cathode 
surface at high magnification. We found the onset of Mn dissolution at the emergence of current 
response in electrochemical cycling. 
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CHAPTER 4: OPERANDO CHARACTERIZATION OF MN 
DISSOLUTION IN LITHIUM-ION BATTERIES 
4.1 Introduction 
In the Chapter 2, we demonstrated an in situ strategy to measure Mn2+ ion concentration 
in the electrolyte without interfering with the electrochemical reaction of LMO cathode during 
cycling.[60] We found a correlation between Mn dissolution and the electrochemical reaction of 
LMO; however, the measurement only provided qualitative results. We observed dissolution 
occurred around the potential corresponding to 2 current peaks in LMO cyclic voltammetry (CV) 
experiments, but the precise potential of dissolution remains unexplored. In the custom cell 
design described in Chapter 2, there is a delay in actual Mn dissolution and detection by the 
spectrometer, due to relatively long diffusion path length from the cathode to the optical 
detection. In this Chapter, we modified the cell configuration to minimize the diffusion path 
length of Mn ions and enabled instant Mn ion detection upon dissolution. We also minimized the 
migration of Mn ions in the cell chamber by performing slow galvanostatic cycling, an 
equilibrated electrochemical cycling condition. In CV experiments, the cell is at a non-
equilibrated electrochemical state, and the measured potential is the sum of actual cathode 
potential and overpotential. In contrast, galvanostatic cycling experiments charge or discharge 
the electrode with a small, constant current. The overpotential in galvanostatic experiments is 
much smaller than in CV experiments, and the measured potential can well represent the actual 
state of charge (SoC) of LMO cathode. Operando characterization of Mn ion dissolution in 
galvanostatic cycling enables the correlation of  dissolution with the electrochemical process of 
LMO. We measured the cell potential at which LMO undergoes the most rapid dissolution.  
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Electrochemical reactions induce strain development in LMO composite cathode during 
the cycling process.[16] Irreversible strain (in the first cycle) results from the formation of 
cathode-electrolyte interface layer in the initial cycle. Reversible strain originates from reversible 
LMO phase transition upon lithium ion intercalation. Peaks in the reservable strain derivative 
represent phase transitions. LixMn2O4 experiences two-stage phase transitions from Cubic I 
(x=1.0~0.6) to Cubic II (x=0.6~0.3) and eventually to Cubic III (x=0.3~0) during delithiation 
process. In this Chapter, we characterized strain evolution by Digital Image Correlation (DIC) 
technique following the procedure described by Capraz et al. using the same electrode and 
electrolyte in dissolution tests.[15] The fundamental cause of Mn dissolution was discussed via 
analysis of the electro-chemo-mechanical properties of LMO cathode.   
Mn element is reduced to +3 valence when LMO is overdischarged (over-lithiated). 
Mn(III) is susceptible to Jahn-Teller distortion, where its electronic state geometrically distorts 
and loses degeneracy.[17–19] It has been widely reported that LMO undergoes massive dissolution 
due to the Jahn-Teller effect. However, the conclusion is derived from ex situ Mn dissolution 
tests after multiple cycles or operando structural and surface characterization of LMO cathode. 
Nevertheless, there is no direct evidence supporting that LMO undergoes enhanced dissolution 
right at overdischarge potential. Intensified dissolution may occur either at overdischarge 
potential or during lithium intercalation process after overdischarge. We performed operando 
characterization of Mn dissolution when LMO was overdischarged (2.5 V), and also evaluated 
the influence of overdischarge on the Mn dissolution profile in successive immersion or 





LiMn2O4 (LMO, electrochemical grade), LiPF6 (98%), ethylene carbonate (EC, 
anhydrous, 99%), dimethyl carbonate (DMC, anhydrous, >99%), 4-(2-pyridylazo) resorcinol 
(PAR, 96%), proton sponge (PS, 1,8-Bis(dimethylamino)naphthalene),  Phosphazene base P1-t-
Bu-tris(tetramethylene) (BTPP, tert-butylimino-tri(pyrrolidino)phosphorane), carboxymethyl 
cellulose sodium salt (CMC) were purchased from Sigma Aldrich. Carbon black (Timical Super 
P) was purchased from MTI. Li foil (0.75 mm thick, 99.9%) was purchased from Alfa Aesar. 
Bulk polychlorotrifluoroethylene (PCTFE, Kel-F) was purchased from 3M. Chemicals were used 
without further purification. Cathode film follows the same fabrication process, as is described in 
Chapter 2. 
4.2.2 Proton Absorber with Improved Electrochemical Stability 
The electrochemical stability of our initial indicator, PAR and Proton Sponge, was 
examined in Chapter 2 in cyclic voltammetry tests at a relatively fast scanning rate (1 mV/s). 
Though the slight change in the absorption spectrum did not affect Mn detection results, changes 
in the electrolyte spectrum indicated the presence of side reactions. In order to better characterize 
Mn dissolution profile at a more equilibrated state and a slower rate, we used an alternative 
proton absorber (BTPP) instead of the proton sponge. PAR and BTPP were cycled respectively 
in the electrolyte with an inert electrode (Pt as cathode and Li metal as anode) between 3.5 V and 
4.5 V for two cycles at 50 μV/s, and their stability examined at extended time scale (48 hours). 




Figure 4.1. Electrochemical stability of PAR, PS, and BTPP under CV condition (3.5-4.5 V, 50 
μV/s, two cycles) 
4.2.3 Custom Cell for Operando Mn Dissolution Characterization 
The identical customized battery cell depicted in Figure 3.1 was used for the operando 
spectroscopic Mn dissolution characterization. The custom cell was assembled based on 
experimental parameters discussed in Chapter 3. LMO cathode was spot-welded on the current 
collector at center and four edges. The electrode separation was set to 2.6 mm. For the 
spectroscopic analysis, the light beam was focused at near the edge of the cathode, to enable 
instant detection of Mn ions upon dissolution (Figure 4.2). 
The custom cell was first filled with neat electrolyte and cycled at C/10 for one cycle to 
form a stable cathode-electrolyte interface (CEI) layer on the cathode surface. Then, the neat 
electrolyte was removed and replaced by detection electrolyte, to characterize Mn dissolution in 
galvanostatic cycling. A three hour period was needed before electrochemical cycling to stabilize 
open-circuit voltage, as well as to avoid bubbles trapped in the cell chamber from blocking the 
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light path. A high-powered tungsten halogen light source (Ocean optics, HL-2000-HP, 360-2400 
nm) and UV-vis detector (Ocean optics Q2000) were used to monitor the UV-vis absorption 
spectrum of the electrolyte during the cycling process. All electrochemical tests were performed 
with a battery cycler (Arbin, BT 2000). The electrochemical data were recorded every 10 
seconds, while the spectrum was collected every minute. 
The amount of Mn deposited on the Li metal anode was measured ex situ after cycling. 
The Li metal anode (1.5 cm × 1.5 cm) was flushed by EC/DMC and dissolved in 15 mL of nano-
pure water after cycling, and the amount of elemental Mn that deposited on the Li metal anode 
was measured by ICP-MS (Inductively coupled plasma mass spectrometry). 
 
Figure 4.2. Experimental setup to measure Mn2+ ion concentration in the electrolyte during 
cycling. 
4.3 Results and Discussion 
4.3.1 Calibration of Mn Concentration in Custom Cell 
Similar to our prior work in Chapter 2, the linear correlation between Mn ion 
concentration and normalized UV-vis absorption intensity of electrolyte at the characteristic peak 
(534 nm) is verified in the new custom cell setup. The absorption spectrum is normalized by 
2.6 mm 
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subtracting the absorption spectrum of PAR at 0 Mn concentration as the background spectrum. 
The normalized intensity of the characteristic absorption peak at 534 nm is plotted against the 
Mn ion concentration in the electrolyte in Figure 4.3. Good linearity between absorption peak 
intensity and Mn ion concentration is observed below the detection limit of 40 μmol/L, when the 
PAR concentration is set to 46 μmol/L (10 mg/L). Mn ion concentration during the cycling 
process is then calculated by comparing the absorption intensity of the detection electrolyte with 
the calibration curve. 
 
 
Figure 4.3. Calibration curve of Mn concentration versus normalized absorption intensity in the 
custom cell. 
4.3.2 Operando Characterization of Mn Dissolution during Galvanostatic Cycling 
Galvanostatic cycling is performed between 3 and 4.3 V at C/10. The applied current, 
voltage response, and characteristic absorption intensity at the PAR-Mn characteristic peak are 
recorded over time after a formation cycle and electrolyte substitution (Figure 4.4). The open-
circuit voltage of the custom cell stabilized after resting for three hours at around 3.3 V, which is 
consistent with the electrochemical potential of LMO vs. Li/Li+.[61] Two voltage plateaus were 
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observed at around 4.0 V and 4.15 V respectively, corresponding to two stages of delithiation of 
spinel LMO.[62] The absorption profile indicates the emergence of Mn dissolution as soon as the 
constant current is applied, and Mn concentration increases as delithiation/ lithiation proceeds.  
We compared the amount of Mn loss from cathode from our measurement with prior 
reports in the literature. The overall amount of Mn element in the electrolyte is calculated based 
on custom cell volume (3.5 mL) and the measured Mn concentration. The degree of dissolution 
is defined as the ratio of dissolved Mn (in mol) to the mole number of Mn in the LMO cathode. 
The amount of Mn dissolved into electrolyte accounts for 0.1% of Mn in LMO cathode, within 
one galvanostatic cycle at 0.1 C. We also measured the amount of Mn deposited on Li metal 
anode after one cycle via ICP-MS, and it accounts for 0.042% of the Mn element in the cathode. 
The degree of dissolution from our measurement is 0.142% per cycle. Choi et al. observed an 
overall 3.2% Mn dissolution from LMO after 50 cycles in a CR2032 coin cell, and an average 
degree of dissolution per cycle of approximately 0.064%.[18] Esbenshade et al. immersed LMO 
powder in electrolyte for 72 hours at room temperature and determined that the degree of Mn 
dissolution was 0.2% (calculated from Reference[38]). Given the variation in experimental 
conditions, our operando detection technique is consistent with prior measurements of Mn 
concentration in electrolyte.  
The specific capacity of the LMO cathode and normalized absorption intensity of 
electrolyte were synchronized with cell potential through experimental time, using the data 
shown in Figure 4.4. The derivative of capacity and derivative of absorption peak intensity were 
calculated as a function of cell potential in Figure 4.5. From the absorption intensity profile, Mn 
dissolution only occurred between 3.9-4.3 V in both delithiation and lithiation cycles. This 
observation is consistent with the results reported from RRDE experiments.[22,40] During both 
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lithiation and delithiation, the two peaks in capacity derivative associated with the phase 
transition potentials of LMO correspond with the two peaks in absorption.[31,35,62] These results 
indicate that LMO experiences the most rapid dissolution at the potential where LMO goes 
through substantial electrochemical reaction and phase transitions.  
 
Figure 4.4. Potential, current, and Mn dissolution profile of LMO electrode cycled at C/10 after 
a formation cycle. 
We also measured the strain in the LMO composite cathode following the procedures 
described in reference[15] to further understand the correlation between LMO phase transition, 
Mn dissolution and electrochemically induced strain. The strain measurement was performed in 
the electrolyte containing PAR and BTPP after a formation cycle. Figure 4.6 shows the capacity 
derivative, strain, and strain derivative versus cell potential. A decrease in strain indicates 
shrinkage of electrode volume, which corresponds to lithium removal in the delithiation process. 
Similarly, an increase in strain results from lithium intercalation in the lithiation process. The 
delithiation lithiation 
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two peaks in the strain derivative are attributed to the volumetric changes induced during the 
phase transition. Interestingly, these peaks also align with the peak potentials in the capacity 
derivative. Rapid Mn dissolution, significant strain accumulation, and peaks in differential 
capacity occur at the same potential, confirming Mn dissolution has a strong correlation with the 
phase transition of LMO during lithiation / delithiation process. 
 
Figure 4.5. Differential capacity, absorption, and differential absorption of LMO after formation 
cycle. (dA/dV represents the absorption intensity derivative versus voltage.) 
Phase transitions induce instability in the LMO spinel structure and lead to Mn 
dissolution. Choi et al. reported a positive correlation between Mn dissolution and change in 
LMO lattice parameter in both lithiation and delithiation processes.[18] The formation of an 
unstable intermediate phase during LMO phase transitions was observed in electron energy-loss 




claimed to be responsible for Mn dissolution. Accumulative strain development in the LMO 
during phase transitions induces crack formation and intensified Mn dissolution due to increased 
surface area exposed to the electrolyte.[15,17,36] Instability of LMO structure during phase 
transitions results in the rapid dissolution we observed in the operando measurements. 
Changes in LMO surface properties during phase transitions also contribute to the Mn 
dissolution. Warburton et al. predicted a reduction in Mn content and generation of oxygen 
vacancy at LMO surface during phase transitions via computational study.[63] Formation of 
soluble Mn3O4 at LMO surface during phase transitions was reported and proved to be 
responsible for Mn dissolution.[32,36] Other research showed that electrolyte oxidation products 
above 4.2 V form metal complexes with surface Mn and accelerate dissolution.[34]  
 
Figure 4.6. Correlation between differential capacity, strain evolution, and strain derivative of 




4.3.3 Operando Characterization of Mn Dissolution at Overdischarge Potential 
It has been widely reported that LMO undergoes massive dissolution due to Jahn-Teller 
distortion at overdischarge potential.[61,64] When Li+ ions in LMO are over-extrapolated, the 
valence of Mn decreases to +3 correspondingly. Mn(III) disproportionates to Mn(II) and Mn(IV), 
leading to the dissolution of Mn ions into the electrolyte.[18] In situ X-ray reflectivity 
measurements show a 12% decrease in LMO cathode film thickness after five deep charge-
discharge cycles between 2.5 V and 4.5 V.[36] Overdischarge leads to enhanced Mn dissolution 
over accumulative cycles; however, no direct experimental results are available to confirm that 
Mn ions are released into electrolyte at overdischarge potentials.  
Cyclic voltammetry was performed on LMO cathodes between 2.5-3.5 V in our custom 
cell. No significant color change in electrolyte color was observed, indicating negligible Mn ion 
dissolution occurred in the overdischarge potential range alone (Figure 4.7). We compared the 
dissolution profile of LMO cathodes with and without overdischarge cycling. During the 
overdischarge cycle (0-750 minutes), the LMO cathode does not exhibit intensified dissolution 
compared to the control test, where the LMO cathode is immersed in the electrolyte without 
cycling. However, in a long term (>2000 minutes), the LMO cathode with overdischarge cycling 
dissolves more Mn in the electrolyte (Figure 4.8). We propose that overdischarge does not lead 
to immediate Mn dissolution, but may cause irreversible damage to the LMO structure, making it 
more susceptible to dissolution. 
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Figure 4.7. Mn dissolution profile during and after the overdischarge cycle. (a) Cyclic 
voltammogram of LMO between 2.5-3.5 V. Almost no lithium intercalation reaction occurs in 
the overdischarge potential range. (b) Image of electrolyte before and after CV between 2.5-3.5 
V. No observable color change was observed, indicating no detectable Mn dissolution. 
 
Figure 4.8. Long term effect of overdischarge on Mn dissolution. Mn dissolution profile of 
LMO after overdischarge cycle (Open circuit potential →2.5 V→3.5 V) (Overdischarge, black) 
















We further investigated the impact of overdischarge on Mn dissolution through operando 
Mn dissolution measurements was performed on LMO between 3.5-4.5 V and 2.5-4.5 V range at 
50 µV/s. When LMO was cycled within 3.5-4.5 V, Mn ion concentration increased throughout 
the test, but the amount of dissolution in the second cycle was less compared to the first cycle. 
More dissolution in the first cycle possibly originates from additional electrochemical reactions 
in the CEI formation process and the removal of LMO surface layer generated from cathode 
preparation.[16] When an overdischarge cycle (2.5-3.5 V) was inserted between two regular CV 
cycles (3.5-4.5 V), the LMO cathode experienced slow and steady dissolution within the 
overdischarge potential range, but much more Mn dissolved in the successive lithium 
intercalation process (Figure 4.9). Hence, Mn dissolution does not instantly occur when LMO 
experiences overdischarge. We infer that LMO becomes vulnerable to Mn dissolution in 
chemical or electrochemical reactions after overdischarge, owing to the instability of LMO 
induced by Jahn-Teller distortion. 
4.4 Conclusion 
We carried out operando characterization of Mn dissolution in a customized battery cell 
to further understand the correlation between Mn dissolution and electrochemical reactions. In 
the new custom cell design, the small spacing between cathode and detection spot ensured 
immediate detection of Mn ions right after dissolution. Galvanostatic cycling at a slow rate 
created an equilibrated electrochemical environment, where the measured potential represents 
the actual state of charge of LMO cathode. A precise Mn dissolution profile was obtained, and 
the result was synchronized with potential. We found the potential where Mn undergoes the most 
rapid dissolution corresponds with the peak potential in the differential capacity profile. 
Comparison with strain measurements further reveals that rapid Mn dissolution occurs during the 
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phase transitions of LMO. Instability of LMO spinel structure and changes in surface chemical 
properties have been reported during LMO phase transition, and both are critical factors 
contributing to Mn dissolution.  
 
Figure 4.9. The effect of overdischarge cycle on Mn dissolution in successive lithium 
intercalation process. Mn dissolution profile of  CV experiment, (a) without and (b) with 
overdischarge (LMO undergoes Jahn-Teller distortion between 2.5-3.5 V) 
We also investigated the influence of over-lithiation on Mn dissolution at overdischarge 
potential. LMO did not exhibit instantaneous dissolution when overdischarged to 2.5 V; 
however, increased dissolution was observed in the successive chemical or electrochemical 
reactions. More Mn dissolved into electrolyte when LMO was immersed or cycled (3.5-4.5 V) 
after overdischarge process, compared to control experiments without overdischarge. We infer 
that Jahn-Teller distortion on Mn(III) at overdischarge potential generates irreversible damage 
on LMO, which intensifies Mn dissolution.  
(a) (b) 
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CHAPTER 5: ENCAPSULATION OF 3-HEXYLTHIOPHENE (3-HT) IN 
HF-RESPONSIVE MICROCAPSULES 
5.1 Introduction 
Lithium hexafluorophosphate (LiPF6) has been widely used as an active component for 
battery electrolyte due to its high ionic conductivity in carbonate solvents.[65–67] However, HF 
generation from side reactions at undesired conditions (i.e., high potential, high temperature, 
moisture, prolonged cycling) deteriorates long-term battery performance.[29,68] HF promotes the 
dissolution of transition metal ions from the cathode (especially for Mn-containing materials), 
leading to the loss of active components and loss of battery capacity.[69] 
Cathodic degradation induced by HF is reduced by incorporating battery additives into 
electrolyte.[44,70,71] Above 4.5 V, thiophene derivatives such as 3-hexylthiophene (3-HT) 
electrochemically polymerize on the cathode surface to form a conductive protection layer 
against corrosive species in the electrolyte.[44] Although battery capacity improves when small 
concentrations of 3-HT are added directly into electrolyte, however, excess or prolonged 
presence of non-conductive electrolyte additive increases the cell resistance and eventually 
affects battery performance.[44,46,48] Side reactions between 3-HT and electrolyte have been 
observed and summarized in Appendix B. Controlled and on-demand delivery of additives into 
battery electrolyte are desirable to maximize the utility of additives and optimize cell 
performance.  
Triggered-release of encapsulated payloads is a common strategy for the autonomous 
delivery of reactive chemicals to a confined environment.[47] Specific chemical triggers in the 
battery electrolyte can degrade the polymer shell wall and release the additive. Encapsulated 
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electrolyte additives remain stable in the battery environment without affecting electrolyte 
conductivity or inducing side reactions during the storage period before cycling.[46,48,49] Baginska 
et al. reported successful encapsulation of 3-HT in chemically inert polyamide microcapsules, 
which release core by mechanical rupture.[46] Lim et al. prepared time-release microcapsules that 
gradually release vinylene carbonate over time during cycling.[48] Yim et al. reported 
temperature-responsive microcapsules that release fire retardants into batteries to prevent battery 
fire.[49] In this work, we develop HF-responsive microcapsules to release 3-HT when the 
electrode is susceptible to HF corrosion. Under ideal conditions, the microcapsules remain intact, 
and 3-HT is isolated from electrolyte at the absence of HF. After prolonged cycling or cycling at 
elevated temperatures, HF generated from side reactions decomposes microcapsules shell wall 
and releases the encapsulated 3-HT. A protective poly(3-hexylthiophene) (p(3-HT)) layer then 
forms on the cathode surface, which protects the cathode from HF.  
Most  chemically responsive microcapsules or polymers reported in the literature are 
designed for triggered release in aqueous environments.[45,47,51,72–75] Design of HF-triggered 
microcapsules requires the polymer shell wall of the microcapsule: 1) degrade in the presence of 
HF and 2) remain stable in battery electrolyte with organic solvents and concentrated LiPF6. 
Polymerized siloxane, or silicone, is resistive to most chemical stimuli but is vulnerable to a HF 
due to strong affinity of silicon atoms to fluoride ions. Siloxane can be crosslinked with bulky 
molecules to protect the backbone from attack by large fluorinated groups such as PF6- or PF5, 
while allowing small chemical stimuli such as HF to reach and degrade the silicon-oxygen 
backbone (Figure 5.1). The proposed chemical structure allows microcapsules to remain stable 
in freshly prepared electrolyte without HF but decompose and release 3-HT when electrolyte 
degrades. Broaders et al.[51] used trimesoyl chloride and ketal-containing diamine to produce 
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acid-responsive polyamide microcapsules, where the acid-responsiveness originates from the 
specific ketal group. Here, we chose amine-terminated silsesquioxane as the amine component to 
import HF-responsiveness to the shell wall polymer. The benzene ring in trimesoyl chloride and 
alkyl chains connected to Si in silsesquioxane function as steric inhibitor to protect siloxane 
backbone from being attacked by large fluorinated Lewis acids such as LiPF6. 
 
Figure 5.1. Mechanism of shell wall polymer degradation by HF. Fluoride ion breaks Si-O bond 
and proton stabilizes the leaving group. 
To date, numerous examples have been reported for coating solid particles with 
polymerized silicone[76–78] or incorporating silica into the shell wall polymer of liquid-core 
microcapsules;[79–87] however, literature on the synthesis of liquid-core microcapsules with 
silicone as the shell wall material is very limited. Teixeira et al.[88] reported microencapsulation 
of reactive ingredients with polydimethylsiloxane (PDMS), where they employed solvent 
diffusion and UV-curing to synthesize PDMS microcapsules. They successfully obtained PDMS 
microcapsules with ca. 80 μm in diameter but found instability in smaller microcapsules 
produced by their method. Our approach opens a new path to the mass production of small, 
robust silicone microcapsules. Hydrophobic core materials that solvates trimesoyl chloride can 
potentially be encapsulated in silicone shell wall by one-step interfacial polymerization with 
aqueous amine-terminated silsesquioxane. 
Here, we report the encapsulation of 3-HT monomer in HF-responsive microcapsules 
with a polymerized siloxane shell wall. The release profile of the microcapsules is characterized 
in degraded electrolyte, as well as in carbonate solvents with trigger ions. Moreover, HF-
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responsive 3-HT microcapsules are incorporated into coin cells for electrochemical 
characterization. With controlled release of 3-HT, specific capacity and charge transfer 
properties are improved in galvanostatic cycling tests. 
5.2 Experimental 
5.2.1 Materials 
1,3,5-Benzenetricarbonyl trichloride (trimesoyl chloride), polyvinyl alcohol (PVA, 98% 
hydrolyzed), LiPF6 (electrochemical grade), ethylene carbonate (EC, anhydrous, 99%), dimethyl 
carbonate (DMC, anhydrous, >99%), hexyl acetate (HA), dichloromethane (DCM), tetra-n-
butylammonium fluoride (TBAF), acetic acid (HAc, anhydrous) and carboxymethyl cellulose 
sodium salt (CMC) were purchased from Sigma Aldrich. Aminopropyl silsesquioxane (WSA-
9911, 25% aqueous solution) was purchased from Gelest. 3-hexylthiophene (3-HT) was 
purchased from TCI America. LiNi0.5Mn0.3Co0.2O2 (NMC532) cathode film. Li metal foil was 
purchased from Alfa Aesar. All chemicals were used as-received without further purification. 
5.2.2 Encapsulation of 3-HT in HF-responsive Microcapsules 
Microcapsules were produced by interfacial polymerization of trimesoyl chloride (Sigma 
Aldrich) and aminopropyl silsesquioxane (APSS, or WSA-9911, 25% aqueous solution, Gelest). 
0.18 g of trimesoyl chloride was dissolved in 2 g of 3-hexylthiophene (3-HT, TCI America) in 
the glove box. 18 grams of APSS solution was mixed with 4 mL of 2.5% polyvinyl alcohol 
(PVA, 98% hydrolyzed, Sigma Aldrich) solution. 30 mL of 1.25% PVA solution was prepared as 
surfactant solution. The surfactant solution was agitated with a homogenizer (Omni 
International) at 8000 rpm, and 3-HT solution containing trimesoyl chloride was added to the 
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surfactant solution dropwise to form an oil-in-water emulsion. After homogenizing for 3 
minutes, APSS solution was added to the emulsion dropwise and further homogenized at the 
same rate for 3 minutes. The emulsion was left undisturbed for 24 hours to complete 
polymerization. The mixture was then centrifuged to remove excess reactants and broken 
capsules. Intact microcapsules were washed with DI water three times and then freeze-dried 
thoroughly to obtain a cluster-free powder. 
5.2.3 Morphological Characterization of 3-HT Microcapsules 
The morphology and elemental mapping of the microcapsules was characterized by SEM 
imaging (FEI, Philips XL30 ESEM-FEG). Energy Dispersive Spectroscopy (EDS) was also 
collected at 20 kV for 15 scans. 
5.2.4 Thermal Stability of 3-HT Microcapsules 
Isothermal TGA (TA Instruments Q50) was performed at 60 °C, 100 °C, 150 °C, 200 °C 
and 250 °C. Dynamic TGA was performed from room temperature to 750 oC at 10 °C∙min-1. 
5.2.5 Release Profile Characterization of 3-HT Microcapsules 
The release profile of 3-HT microcapsules in battery electrolyte (1 M LiPF6 in EC/DMC, 
1:1 by volume, Sigma Aldrich) was determined by measuring the concentration of core material 
3-HT in the electrolyte at different immersion time via GC-MS (5977E, Agilent). Different 
volumes of 3-HT were added into electrolyte with a constant concentration of hexyl acetate (HA, 
Sigma Aldrich), as an internal reference. 50 μL of electrolyte was mixed with 1 mL DI water and 
10 mL dichloromethane (DCM, Sigma Aldrich), agitated vigorously for 15 minutes and 
centrifuged for phase separation. LiPF6 was dissolved into the aqueous phase, while organic 
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component 3-HT, HA, and carbonate solvents stayed in the DCM phase.  In the GC 
chromatogram of DCM phase, the ratio of 3-HT peak area to HA peak area was proportional to 
3-HT concentration in the electrolyte, and the result was plotted as a calibration curve (Figure 
5.6b). Microcapsules were transferred into glove box 48 hours prior to experiments to minimize 
moisture adsorption on the surface. Then, 0.117 g (3 wt%) of microcapsules and 45 μL HA were 
dissolved in 3 mL electrolyte at different degradation state. Fresh electrolyte was prepared right 
before the experiment and no HF was present in the solution. Hydrolyzed electrolyte was 
prepared by adding 0.1 wt% water into fresh electrolyte to generate HF manually. Cycled 
electrolyte was prepared by cycling fresh electrolyte in a beaker cell with NMC532 (MTI) as 
cathode and Li metal (Alfa Aesar) as anode. The cell was cycled between 3.5 V to 4.5 V at 0.1 
mV·s-1 for ten cycles. 50 μL of electrolyte immersed with microcapsules was sampled at 
different immersion time. The release mechanism was studied by immersing microcapsules in 
EC/DMC (1:1 by volume) solvent with possible triggering ions (F-, H+ at 0.1 M). Tetra-n-
butylammonium fluoride (TBAF, Sigma Aldrich) was selected as the fluoride ion source. 
Anhydrous acetic acid (Sigma) was used as the proton source. 
5.3 Results and Discussion 
5.3.1 Microcapsule Preparation and Morphological Characterization 
Microcapsules were synthesized by interfacial polymerization between trimesoyl chloride 
and aminopropyl silsesquioxane (APSS) based on the chemical reaction described in Figure 
5.2a. The encapsulation method (Figure 5.2b) is adopted from a prior procedure for preparation 
of polyamide microcapsules.[48,49,51,72] Oil phase droplets containing trimesoyl chloride were first 
emulsified in a surfactant solution with a homogenizer. Aqueous amine-terminated 
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silsesquioxane solution was added to the emulsion dropwise to increase the reactant 
concentration in aqueous phase gradually. Amine groups in silsesquioxane and acyl chloride 
react at the oil-water interface, forming a layer of crosslinked polyamide shell wall encapsulating 
the core material instantaneously. Condensation reaction between oil-soluble acyl chloride and 
water-soluble amine at the oil-water interface is commonly used for microcapsule preparation. 
The functionality of at least one of the monomers needs to be greater than or equal to three to 
ensure crosslinking. Here, trimesoyl chloride with three functional groups was chosen to 
crosslink with APSS, which is a commercial product with an uncertain number of functionalities 
(f=2~4).  
The success of microencapsulation was examined by morphological and elemental 
analysis. Scanning electron microscope (SEM) images of intact and a cross-section of a single 
microcapsule with a diameter of 11.7 μm are shown in Figure 5.3a,b. The average shell wall 
thickness is 0.35 ± 0.1 μm, indicating the core material is ca. 83% of the capsule by volume. 
From the microcapsule size distribution shown in Figure 5.3e, over 99% of the microcapsules 
had diameter below 15 μm, with an average diameter of 6.9 ± 2.8 μm. Smaller diameter 
microcapsules are more easily incorporated in the battery environment. 
Successful encapsulation of the 3-HT core was examined by elemental mapping via 
energy dispersive spectroscopy (EDS). Sulfur mapping (Figure 5.3c) represents the distribution 
of encapsulated 3-HT monomer since 3-HT is the only chemical that contains sulfur element in 
the mixture. Silicon mapping (Figure 5.3d) indicates the presence of shell wall with polymerized 
siloxane as the backbone. Sulfur and silicon mapping accorded with each other in shape and 
distribution. By comparing the distribution of encapsulated 3-HT and polymer shell wall, we 




Figure 5.2. Chemical reaction and procedure to prepare HF-responsive microcapsules. (a) 
Polymerization of trimesoyl chloride and APSS at oil/water interface. (b) Schematic 







































Figure 5.3. Visual and elemental characterization of microcapsules. (a) SEM image of intact 
microcapsules. (b) SEM image of a microcapsule cross-section. (c) Sulfur mapping representing 
the distribution of core material. (d) Silicon mapping representing the distribution of shell wall 







5.3.2 Thermal Stability of 3-HT Microcapsules 
Microcapsules need to withstand the maximum operating temperature of typical lithium-
ion batteries (60 °C). We examined the thermal stability of microcapsules by performing several 
isothermal thermogravimetric analysis (TGA) tests between 60 °C and 250 °C and a dynamic 
TGA up to 750 °C. Isothermal TGA in Figure 5.4a shows zero mass loss from microcapsules 
stored at 60 °C up to 24 hours. When the temperature was further increased, microcapsules 
decomposed at around 200 oC, with a rapid mass loss due to the core release. The residual mass 
was ca. 10 wt% after heating to 750 °C, which results from non-evaporative components 
generated from siloxane-based shell wall polymer (Figure 5.4b). These results show successful 
encapsulation of 3-HT and good thermal stability of microcapsules within the operating 
temperatures of Li-ion battery. 
5.3.3 Microscopic Characterization of Microcapsule Release 
The release process of microcapsules in LiPF6-based electrolyte was visualized by image 
analysis. Microcapsules were coated on a glass slide with carboxymethyl cellulose sodium salt 
(CMC-Na) as a binder. A droplet of electrolyte with 0.1 wt% water was then dropped onto the 
microcapsules. When the electrolyte is exposed to air and water, HF is generated from LiPF6 and 
triggers the microcapsule decomposition. The degradation process is shown in Figure 5.5. 
Microcapsules start to release core material at around 50 minutes and fully decomposed by 75 
minutes. After microcapsule decomposition, only a layer of CMC binder with the negative 
imprint of microcapsules is left on the glass slide. Qualitative elemental analysis of the residues 
further shows the absence of silicon and sulfur elements, indicating full decomposition of shell 




Figure 5.4. Thermal stability characterization of microcapsules. (a) Isothermal tests (60 °C to 





Figure 5.5. Optical images of microcapsules immersed in electrolyte solution containing 0.1 
wt% H2O at ambient conditions. 
 
Table 5.1. Elemental analysis of CMC/microcapsule residue after immersion in electrolyte with 
0.1 wt% H2O for 24 hours.  
Element Weight % Atomic % 
C 55.05 62.39 
O 43.44 36.96 
Si 0.12 0.06 
S 1.39 0.59 
Both Si and S elements are below error limit (5%), indicating full decomposition of 
microcapsules. C and O elements originate from CMC binder. 
t=0 min t=50 min 
t=60 min t=75 min 
20 µm 
20 µm 20 µm 
20 µm 
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5.3.4 Release Profile of 3-HT Microcapsules in Battery Electrolyte 
Release behavior of microcapsules was further characterized by immersion tests in 
LiPF6-based electrolyte (1 M LiPF6 in ethylene carbonate (EC) and dimethyl carbonate (DMC), 
1:1 by volume) at different degradation states. The degradation was induced by addition of 0.1 
wt% water or cycling in a beaker cell to generate HF from LiPF6. The concentration of released 
3-HT was measured by gas chromatography-mass spectrometry (GC-MS) following the 
procedure described in Section 5.2.5, and the calibration curve is shown in Figure 5.6. GC-MS 
was selected instead of nuclear magnetic resonance (NMR) because GC-MS has better accuracy 
in measuring substances at low concentration quantitatively, compared to NMR which has a 
detection limit at 0.5%. The released substance was confirmed to be 3-HT with mass 
spectrometry by comparing the mass spectrum collected from 3-HT and crushed microcapsules 
at 6.44-minute peak in gas chromatogram (Figure 5.7). The release percentage was calculated 
based on measured 3-HT concentration at different immersion times and theoretical 3-HT 
concentration at full capsule release in Figure 5.8. When microcapsules were immersed in 
freshly prepared electrolyte, no 3-HT release was detected for over three weeks, indicating good 
stability of the shell wall material against large fluorinated Lewis acids in the electrolyte. In the 
presence of HF in degraded electrolyte, shell wall polymer decomposed into sludge, and 
microcapsules exhibited rapid core release within 8 hours. The release profile verifies that 
microcapsules remain stable in fresh electrolyte without HF but release the payload upon 





Figure 5.6. Calibration curve for 3-HT concentration measurement in electrolyte. (a) Gas 
chromatogram of electrolyte with HA and 3-HT in GC-MS measurement (inset: chromatogram 






Figure 5.7. Chemical analysis of released core material from microcapsules. (a) Gas 
chromatogram of dichloromethane (DCM, as reference), 3-HT and crushed 3-HT microcapsules. 
(b) Mass spectrum of 3-HT and crushed 3-HT microcapsules at 6.44-minute peak in gas 





Figure 5.8. Release profile of microcapsules in electrolyte under different conditions. Fresh 
electrolyte is electrolyte without degradation (Black). Hydrolyzed electrolyte is electrolyte with 
0.1 wt% water (Red). Cycled electrolyte is electrolyte cycled in a beaker cell for 10 cycles with 
LiNi0.5Mn0.3Co0.2O2 and Li electrodes (Blue). 
5.3.5 Release Profile of 3-HT Microcapsules with Trigger Ions 
The release mechanism was studied by immersing the microcapsules in carbonate solvent 
(EC/DMC=1:1, by volume) containing ions that should induce shell wall decomposition (F-, H+ 
at 0.1 M). As shown in Figure 5.9a, the release of 3-HT was measured as described in Section 
5.2.5. In the presence of F- alone, 3-HT was slowly released into the solvent, evident by an 
increase in its concentration with time gradually. In the presence of H+ alone, no 3-HT was 
detected in the solvent for over two weeks, indicating the stability of microcapsules against non-
fluorinated Brønsted acids. When both H+ and F- were present, microcapsules released their core 
rapidly in four days. We hypothesize that fluoride ions induce the backbone cleavage of Si-O 
bonds, and protons accelerate the reaction by stabilizing the silanol leaving group (Figure 5.1). 
Without the presence of fluoride ions, protons alone cannot decompose the backbone. As a 
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control test, no capsule release was detected in EC/DMC with 0.1 M water. The release profile of 
3-HT microcapsules in EC/DMC with different concentration of TBAF + HAc is demonstrated 
in Figure 5.9b. With higher concentration of trigger ions, microcapsules released at a faster rate. 
 
Figure 5.9. Release profile of microcapsules in (a) EC/DMC solvent with trigger ions at 0.1 M 






We successfully developed an autonomous strategy to release encapsulated 3-HT into 
electrolyte. A novel polymer shell wall that is chemically stable in LiPF6-based electrolyte and 
selectively decomposes upon HF was designed and synthesized. 3-HT monomer was 
encapsulated in the HF-responsive microcapsules, with small diameter and good thermal 
stability. Immersion tests revealed the selective release of 3-HT from microcapsules was 
triggered by fluoride ions, and the shell wall decomposition reaction was further accelerated by 
the presence protons. Control tests in in freshly prepared electrolyte and in H+ alone showed no 
release. HF-responsive microcapsules showed in situ delivery of battery additives like 3-HT into 




CHAPTER 6: ELECTROCHEMICAL CHARACTERIZATION OF 
TRIGGERED RELEASE OF ENCAPSULATED 3-HT 
DURING BATTERY CYCLING 
6.1 Introduction 
Additives play a vital role in battery performance. Common battery additives such as 
vinylene carbonate (VC) or fluoroethylene carbonate (FEC) enhance the stability of the solid 
electrolyte interface (SEI) of anode by additive reductive decomposition in the presence of 
electrode surface.[89–91] In contrast, 3-HT additive serves as a precursor to form a conductive 
passivation polymer layer on cathode surface upon oxidation, and its polymerization only relies 
on the oxidation potential.[44] Polymerization of 3-HT occurs on the cathode surface,  which 
possesses the highest electrochemical overpotential in the cell. In Chapter 5, we demonstrated 
controlled release of 3-HT in the presence of HF. Microcapsules with an HF-responsive polymer 
shell wall protect 3-HT from contacting electrolyte prior to cycling, and potentially release 3-HT 
when electrolyte degrades and forms HF. 
In this Chapter, we incorporate 3-HT microcapsules in electrolyte and investigate the 
controlled release. When 3-HT monomer is directly added to electrolyte, we have no control over 
the release timing and location. When encapsulated 3-HT is directly added in electrolyte, the 
release is controlled to occur at electrolyte degradation. However, the released 3-HT can 
randomly distribute in the battery. When 3-HT microcapsules are coated on the cathode, we 
achieve the autonomous release and polymerization of 3-HT on the cathode surface upon 
electrolyte degradation. Coin cell capacity, charge transfer properties of the cathode surface, and 
the morphology of p(3-HT) was characterized to evaluate the efficacy of different incorporation 
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methods. Electrochemical cycling tests at 55 °C further elucidated the role of autonomous 3-HT 
release on battery performance, when electrolyte was degraded in prolonged and high-
temperature cycling. 
For electrochemical characterization of 3-HT microcapsules, we chose 
LiNi0.5Mn0.3Co0.2O2 (NMC532) as the cathode material. LiNixMn1-x-yCoyO2 (NMC) are widely 
used cathode materials for high-power electric vehicle applications.[4,5,92] Compared to LiMn2O4 
(LMO) cathodes studied earlier in the thesis, which suffers from dissolution issues, NMC has 
better stability. In this work, NMC532 was selected because it is one of the most common NMC 
ratios with good long-term stability. 
6.2 Experimental 
6.2.1 Materials 
CR2032 coin cell components were purchased from Pred International. LiNi0.5Mn0.3Co0.2 
(NMC532) cathode film was purchased from MTI. The cathode film is composed of a 45 ± 6 µm 
thick NMC532 composite cathode coated on 15 ± 3 µm Al foil. The active material density is 
121 g/m2 and theoretical specific capacity is 155 mAh·g-1. The separator (PP/PE/PP) was 
purchased from Celgard. Mesocarbon microbeads (MCMB, Enerland) anode film (A-AGen3) 
was received from Argonne National Laboratory composed of 90% MCMB-1028, 2 wt% vapor 
grown carbon fibers (VGCF) and 8 wt% Kureha KF-1100 polyvinylidene difluoride (PVdF) 
binder. The composite electrode thickness was 56 µm, coated on 18 µm Cu foil. Total coating 
loading was 6.97 mg/cm2. Li metal disks were purchased from MTI. Lithium perchlorate 
(LiClO4), ethylene carbonate (EC, 99%, anhydrous), ethyl methyl carbonate (EMC, 99%, 
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anhydrous), tetra-n-butylammonium fluoride (TBAF) and acetic acid (HAc, anhydrous) were 
purchased from Sigma Aldrich. Ethanol was purchased from Decon Labs. 
6.2.2 Spin-coating of 3-HT Microcapsules on NMC532 Cathode 
Microcapsules were spin-coated on the surface of cathode disks from a solution 
consisting of 1 wt% of 3-HT microcapsules in aqueous solution with 0.1 wt% CMC and 10% 
ethanol. The cathode disk was exposed to UV lamp for 15 minutes prior to spin coating to 
enhance surface hydrophilicity. 50 µL of microcapsule solution (contains 0.5 mg microcapsules) 
was pipetted on the cathode surface. The cathode was first spun at 600 rpm for 30 seconds to 
fully disperse the solution on its surface, then spun at 1000 rpm for 2 minutes to remove excess 
liquid. After drying, the cathode mass increased by ca. 0.3 mg. The mass ratio of microcapsules 
to binder in the coating solution was 10:1 and the average loading of microcapsules per coin cell 
cathode was ca. 0.27 mg, accounting for ca. 0.5 wt% of electrolyte mass, when the electrolyte 
volume is 40 µL per coin cell. 
6.2.3 Coin Cell Preparation 
Electrochemical characterization of encapsulated 3-HT was performed in CR2032 coin 
cells, assembled with a NMC532 cathode, Celgard separator and MCMB anode. The electrode 
diameter was 0.5 inch and the electrolyte volume was 40 μL for each coin cell. Commercial 
electrode films were used to minimize manufacturing defects and active loading deviation during 
electrode preparation process. 
82 
6.2.4 Electrochemical Characterization of Coin Cell with Encapsulated 3-HT 
Coin cell cycling was performed with Arbin BT2000 cycler. EIS was characterized with 
BioLogic VSP potentiostat workstation. One cycle of cyclic voltammetry at 0.1 mV·s-1 between 
3 to 5 V was performed as the formation cycle. Then, the coin cell was cycled galvanostatically 
for 100 cycles within the same voltage range. Coin cell performance at 55 °C was performed in 
the temperature-controlling oven (Across International). 
6.3 Results and Discussion 
6.3.1 Microcapsule stability in coin cell environment 
First, we examined the mechanical stability of microcapsules during the battery 
manufacturing process. Coin cells were assembled with carbonate solvent containing 0.5 wt% 
microcapsules. After 24 hours, the coin cells were disassembled, and the survival rate of 
microcapsules on the cathode surface was evaluated by elemental analysis. Figure 6.1a shows 
the elemental mapping for microcapsules incorporated in a coin cell constructed with NMC532 
cathode and Li foil anode. No capsules survived due to the large internal pressure induced during 
coin cell fabrication with a thick Li metal anode. In contrast, in coin cells constructed with 
NMC532 and a MCMB anode, ca. 77% microcapsules remained intact after coin cell assembly 
and disassembly (Figure 6.1d,e,f). A small portion of microcapsules were mechanically ruptured 
and released 3-HT into electrolyte during coin cell assembly, while the majority of 3-HT 
microcapsules remained intact in the coin cell environment. Therefore, a relatively low initial 
concentration of 3-HT monomer was present in the electrolyte prior to cycling due to the 
manufacturing process. The mechanical pressure during coin cell fabrication is discussed in more 
details in Appendix C. 
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Next, the stability of polymer shell wall against high electrochemical potential was 
examined by cyclic voltammetry. Microcapsules were stored in LiPF6-based electrolyte (1 M 
LiPF6 in EC/DMC, 1:1 by volume) or non-LiPF6 electrolyte (1 M LiClO4 in EC/EMC, 3:7 by 
volume) and cycled up to 5 V in Al-Li coin cell. When microcapsules were stored and cycled in 
LiPF6 electrolyte, we observed the characteristic current response between 4-5 V corresponding 
to the voltage range of 3-HT electro-polymerization (Figure 6.2). In contrast, when 
microcapsules were cycled in pure LiClO4 electrolyte, very low current response emerged, which 
might result from 3-HT released from mechanically crushed microcapsules during coin cell 
assembly. The result shows the polymer shell-wall of microcapsules sustains high 
electrochemical potential in HF-free environment. Capsule release is not induced by high 
external potential, but by chemical stimuli (HF) from LiPF6-based electrolyte. 
6.3.2 Capacity Profile of Coin Cells with 3-HT Microcapsules 
The effect of encapsulated 3-HT on battery performance was evaluated by coin cell 
galvanostatic cycling. When 0.5 wt% 3-HT monomer was directly added to coin cell electrolyte, 
no significant improvement in cell capacity was observed at room temperature (21 oC) compared 
to reference coin cells without additives (Figure 6.3a). This result is attributed to the rapid 
formation of 3-HT oligomer during the formation cycle. Wei et al.[93] reported that electro-
polymerization of thiophene derivatives follows a cationic polymerization process. The oxidation 
of monomer is the rate-determining step and is slower than the oxidation of thiophene dimers, 
trimers, and oligomers. In the direct presence of 3-HT monomer in electrolyte, electrolyte-
soluble oligomers generate rapidly as soon as the cell reaches the oxidation potential of 3-HT 
monomer in the formation cycle. When most 3-HT is oligomerized and dissolved in the 
electrolyte, p(3-HT) can no longer form on the cathode surface in later cycles. 
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Figure 6.1. Examination of microcapsule mechanical stability after coin cell assembly and 
disassembly. Empty microcapsules are highlighted in SEM image. Microcapsule survival was 
determined by elemental analysis. Intact microcapsules show spherical morphology in both Si 
and S mapping, while broken microcapsules only shows spherical morphology in Si mapping. (a) 
SEM image (b) Silicon mapping representing the distribution of shell wall polymer (c) Sulfur 
mapping representing the distribution of core material in NMC532 vs Li coin cell. (d) SEM 
image (e) Silicon mapping representing the distribution of shell wall polymer (f) Sulfur mapping 
representing the distribution of core material in NMC532 vs MCMB coin cell. 
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Figure 6.2. Cyclic voltammogram of microcapsules in LiPF6 electrolyte and LiClO4 electrolyte 
(Al vs Li electrode). No active material was coated on Al foil and the electrochemical response 
all results from 3-HT polymerization. The shell wall polymer sustains high electrochemical 
potential without releasing the core material when cycled in non-LiPF6 electrolyte. 
When encapsulated 3-HT was directly added in electrolyte, superior capacity was 
observed at early cycles, but the capacity decayed to the same level as coin cells without 3-HT 
after prolonged cycling. The superior performance at early stage is attributed to the gradual 
release of 3-HT from microcapsules. As the cycle index increased, 3-HT oligomers formed in 
previous cycles served as nucleation sites and enabled the chain-growth polymerization on the 
cathode surface.[93] Capacity decay in later cycles may result from the nonideal spatial 
distribution of p(3-HT) inside coin cell. When microcapsules are directly added to the 
electrolyte, they are randomly distributed in electrolyte inside the coin cell. As a result, 
polymerization of 3-HT does not necessarily occur on the cathode surface. EDS sulfur mapping 
of coin cell components in Figure 6.4 reveals that 3-HT is more likely to polymerize at cathode 
edge or on cathodic current collector, where the overpotential is higher compared to the cathode 
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center during charging process. Consumption of 3-HT monomer in electrochemically inert 
regions results in insufficient 3-HT to polymerize on the entire cathode surface. The full efficacy 
of 3-HT is not exploited when 3-HT monomer or encapsulated 3-HT is directly added into the 
electrolyte. 
3-HT microcapsules were spin-coated on cathode surface to localize their distribution 
inside coin cell. Cathodes coated with microcapsules were assembled into coin cells with freshly 
prepared LiPF6 electrolyte. As shown in Figure 6.3a, coin cells demonstrated a significant 
increase in capacity retention. We attribute the improvement in performance to the localized 
delivery of 3-HT, facilitating the formation of p(3-HT) on cathode surface. 
In order to characterize the role of encapsulated 3-HT in electrolyte at a further degraded 
state, we cycled coin cells at elevated temperature (55 °C) and slower rate to extend the cycling 
time. A similar trend in capacity retention was observed. As shown in Figure 6.3b, the capacity 
of coin cells without 3-HT, with 3-HT or with 3-HT microcapsules in electrolyte degraded by ca. 
30% over 100 cycles, in great contrast, coin cells with 3-HT microcapsules spin-coated on 




Figure 6.3. Specific discharge capacity of NMC532 vs MCMB coin cell cycled 
galvanostatically. (a) Capacity at room temperature at 1 C (b) Capacity at 55 °C at 0.5 C. Coin 
cells are assembled with no 3-HT (black), with direct addition of 0.5 wt% 3-HT into electrolyte 
(red), with direct addition of 0.5 wt% 3-HT microcapsules (blue) and with 0.5 wt% 3-HT 
microcapsules spin-coated on cathode surface (green). The weight ratio is based on electrolyte 





Figure 6.4. Formation of p(3-HT) on electrochemically inert region. SEM image and sulfur 
mapping representing p(3-HT) on (a) cathode edge and on (b) backside of current collector from 
coin cell with 0.5 wt% 3-HT after 100 cycles. Cathode edge (near Al substrate) and stainless 
steel current collector possess a higher overpotential than the cathode surface and attract 3-HT to 
preferentially polymerize during cycling. 
6.3.3 Electrochemical Impedance Spectrum (EIS) Profile 
The charge transfer properties of the cathode were characterized before and after cycling. 
EIS was measured at 3.5 V, and data was fitted with a circuit model (Figure 6.5a inset) reported 
previously[44,48] to extract the charge transfer resistance (Rct). Prior to galvanostatic cycling, the 
variation in Rct was not statistically significant between coin cells without 3-HT, with 3-HT 
monomer and with encapsulated 3-HT in electrolyte. When 3-HT microcapsules were spin-




conductive polymeric shell wall on cathode surface. After 100 cycles of galvanostatic cycling, 
Rct of coin cells without 3-HT increased massively, as solid electrolyte interface (SEI) with poor 
conductivity grew on electrode surface. However, when 3-HT was directly added to electrolyte, 
most monomers were consumed to form oligomers in the formation cycle, and there was no 
significant difference in Rct compared to reference samples. In contrast, use of encapsulation 
resulted in gradual release of 3-HT and polymerization during galvanostatic cycles with an 
increase in HF concentration in the electrolyte. Successful polymerization of p(3-HT) protects 
the cathode, improves the charge transfer properties, and inhibits the resistance increase during 
the cycling process. Moreover, when 3-HT microcapsules were localized on the cathode surface 
with spin coating, the smallest Rct was measured after prolonged coin cell cycling. At 55 °C, 
impedance profiles exhibited similar trends as the room temperature samples, except that the 
postcycle Rct of coin cells with 3-HT microcapsules in electrolyte increased to the same level as 
the postcycle Rct of coin cells with 3-HT monomer. One possible explanation is that elevated 
temperature enhanced the kinetics of 3-HT monomer oxidation and accelerates polymerization. 
A decrease in Rct was only observed when microcapsules were spin-coated on the cathode 
surface in coin cell cycled galvanostatically at elevated temperature. We hypothesize that 
controlled release of 3-HT monomer near cathode nucleation sites allows for polymerization of 
3-HT on cathode surface instead of forming short-chain oligomers. Targeted, controlled release 
of 3-HT improves the cell performance both in capacity and in charge transfer properties. 
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Figure 6.5. Charge transfer characterization of NMC cathode. Normalized EIS profile of NMC 
cathode after cycling with pure electrolyte, electrolyte with 0.5 wt% 3-HT, electrolyte with 0.5 
wt% encapsulated 3-HT and 0.5 wt% 3-HT microcapsules spin-coated on cathode. (a) Postcycle 
Nyquist plot at room temperature (21 °C) (b) Postcycle Nyquist plot at 55 °C (c) Rct at room 
temperature before and after cycling () (d) Rct at 55 °C before and after cycling (0.5 C). Inset: 
circuit model to calculate Rct (adopted from Reference[44,48]) 
6.3.4 Morphological Evolution in Cathode 
We observed successful formation of p(3-HT) on cathode surface when 3-HT was 
triggered-released from microcapsules. 0.5 wt% microcapsules were directly added to electrolyte 
and cycled in a coin cell with LiNi0.5Mn0.3Co0.2O2 (NMC532) as cathode and Mesocarbon 
Microbeads (MCMB) as anode. Figure 6.6 shows the morphology of microcapsules settled on 




their elemental mapping (S, Si) manifested intact spherical structure, as demonstrated in Figure 
6.6a,c,e. After cycling, p(3-HT) covered the electrode surface, along with unreleased 
microcapsules. In Figure 6.6b, SEM image depicts the formation of polymeric film on cathode 
surface, covering unreleased microcapsules. The broad distribution of sulfur in Figure 6.6d 
represents the formation of p(3-HT) film on cathode surface. The wide distribution of silicon 
element in Figure 6.6f can be attributed to the shell wall decomposition product dissolved in the 
electrolyte. The observation further justifies triggered-release of 3-HT and the autonomous 
polymerization during the cycling process. 
6.4 Conclusion 
In this Chapter, 3-HT microcapsules were introduced into coin cells for electrochemical 
characterization. Mechanical and electrochemical stability of microcapsules were examined in 
coin cell environment. 
When 3-HT microcapsules are spin-coated on the cathode, we observed improved 
capacity retention and charge transfer properties of coin cells cycled at both room temperature 
and 55 oC. We observed formation of p(3-HT) on cathode surface, at precise delivery of 3-HT to 
the cathode vicinity. The controlled release of 3-HT from HF-responsive microcapsules 
significantly improves capacity retention, impedance and charge transfer resistance. Potentially 
HF-responsive microcapsules can be used to control delivery of other additives in LiPF6-based 
electrolyte for enhancing battery performance.  
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Figure 6.6. SEM and elemental mapping (S, Si) of microcapsules on NMC532 cathode before 
and after 100 galvanostatic cycling at 1 C. (a,c,e) intact capsules before cycling. (b,d,f) released 
capsules after cycling. (a,b) SEM image. (c,d) Elemental mapping of sulfur (from 3-HT or p(3-
HT)). (e,f) Elemental mapping of silicon (from polymer backbone of microcapsules). The same 
count of EDS scans was performed to make the contrast comparable. 40% brightness was 






CHAPTER 7: SUMMARY AND FUTURE WORK 
7.1 Summary 
Autonomous strategies were developed to characterize and mitigate degradation in 
lithium-ion batteries. Self-reporting strategies allow in situ characterization of Mn ion dissolution 
from LMO cathode during electrochemical cycling. The project enhances our understanding of 
the correlation between Mn dissolution and electrochemical reactions of the cathode. Self-
stabilization strategies enable the autonomous release of battery additives to stabilize the 
cathode-electrolyte interface. The project helps to mitigate cathodic degradation and improves 
cell performance.  
In the self-reporting project, we developed an in situ technique to detect Mn ion 
concentration in the battery electrolyte. UV-vis probe PAR chelates with Mn, at the presence of 
organic base BTPP and, shows a color change from yellow to red. The color change was 
characterized quantitatively via UV-vis absorption spectroscopy, and the Mn ion concentration 
was measured in the electrolyte nondestructively. The probe system was stable against external 
voltage. 
A custom cell with parallel electrodes and small electrode separation was designed for 
the image analysis of Mn dissolution. Electrolyte color change from the PAR-Mn complex was 
characterized by Hue value analysis. Mn concentration was proportional to the ΔHue between 0° 
and 45°. We studied the transport of Mn ions during the electrochemical process with ΔHue 
analysis in the electrolyte. The diffusion coefficient of the PAR-Mn complex was calculated to 
be (1.7 ± 0.4)·10-5 cm2/s, based on the 1 D punctual release model and the Mn concentration 
profile during the diffusion process after linear sweep voltammetry. We also utilized image 
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analysis to optimize experimental parameters (appropriate welding spots, narrow electrode 
separation, and slow galvanostatic cycling conditions) for a more uniform Mn ion distribution in 
the custom cell. A miniature cell with thin electrolyte thickness was developed to allow image 
analysis at high magnification. The Mn dissolution profile at the cathode electrolyte interface 
reveals that Mn dissolution occurs as soon as the current response emerges. 
We carried out operando characterization of Mn dissolution in the custom cell to 
understand the correlation between Mn dissolution and electrochemical reactions. The cell was 
cycled galvanostatically at a slow rate to maintain an equilibrated electrochemical environment. 
We observed that the most rapid Mn dissolution occurred at potentials corresponding to the peak 
potentials in differential capacity profile. The peak potentials in differential capacity profile also 
accorded with the peak potentials of the cathode strain derivative. Rapid Mn dissolution during 
lithium ion intercalation process was attributed to the structural instability and change in surface 
chemical properties during the LMO phase transition. We also explored the influence of over-
lithiation on Mn dissolution at overdischarge potential. LMO did not immediately dissolve when 
it was overdischarged to 2.5 V; however, we observed intensified Mn dissolution in the 
successive chemical or electrochemical process. Jahn-Teller distortion on Mn(III) at 
overdischarge potential generates irreversible damage on LMO and intensifies Mn dissolution.  
In the self-stabilization project, we successfully developed an autonomous strategy to 
stabilize the cathode-electrolyte interface during battery cycling. A polymer shell wall that was 
chemically stable in LiPF6-based electrolyte and selectively decomposes in response to HF was 
prepared by interfacial polymerization between an amine-terminated silsesquioxane and 
trimesoyl chloride. 3-HT monomer was encapsulated in HF-responsive microcapsules, which 
were proved to be battery-compatible in size and thermal stability. Immersion test revealed that 
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the release of microcapsules was triggered by F- ions and the presence of protons can accelerate 
the release. Release profile in freshly prepared electrolyte and degraded electrolyte further 
proved the autonomous release properties of microcapsules.  
The effect of HF-responsive microcapsules on the performance of NMC/carbon batteries 
was studied in coin cell experiments. The method of microcapsule incorporation significantly 
influenced the cell performance. When 3-HT microcapsules were incorporated into coin cells by 
spin-coating on the cathode, we observed improved capacity retention and charge transfer 
properties at both room temperature and 55 oC. HF-responsive microcapsules are potentially 
applicable to the smart delivery of other additives in LiPF6-based electrolyte for enhancing 
battery performance.  
7.2 Future Work 
7.2.1 In Situ Characterization of Transition Metal Dissolution in Battery Electrolyte 
Cathode materials besides LMO also undergo dissolution during storage and 
electrochemical cycling.[94–96] Mn dissolution has been extensively studied, due to its huge 
impact on the cell performance,[23,28] but there are very few reports on the dissolution of LiCoO2 
(lithium cobalt oxide, LCO), LiFePO4 (lithium iron phosphate, LFP) and other cathode materials 
with multiple transition metals.[94,96] The transition metal ion dissolution other than Mn is 
regarded as a minor concern in these materials. As a result, the mechanisms of transition metal 
ion dissolution from LCO, LFP cathodes remain obscure. Operando characterization on cathodes 
other than LMO could lead to improved understanding of the correlation between Co  (or Fe) ion 
dissolution with the electrochemical reactions of LCO (or LFP). 
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Figure 7.1. Characterization of transition metal ions other than Mn with PAR. (a) Electrolyte 
with 100 μmol/L of Mn2+, Fe2+, and Fe3+ ions, indicated by PAR and BTPP probe. (b) UV-vis 
spectrum of PAR chelated with various metal ions.[97] 
The indicator PAR is capable of chelating with various transition metal ions.[53,97] Figure 
7.1a shows the electrolyte color change when PAR chelates with Mn2+, Fe2+, and Fe3+ ions. 
Here, the same electrolyte composition and indicator concentration was used in Chapter 3. 
Figure 7.1b shows the absorption spectrum of the PAR complex with various metal ions (Cd, 
Co, Cu, Mn, Ni, Pb, Zn) in an aqueous environment. The UV-vis probe PAR can be potentially 
used for the operando characterization of transition metal ion dissolution from LCO and LFP. 
Besides cathode material with single metal element (LMO, LCO, LFP), operando 
dissolution characterization can be performed on cathode materials with multiple metal elements 
as well. Characterization of these materials would require the detection system to differentiate 
the spectrum of various metal ions in a mixed solvent. Simultaneous spectroscopic determination 
of multiple metal ions was reported in an aqueous environment.[97] Linear regression was used to 
calculate the percentage of each metal ion components based on their standardized spectrum. 
Given that the spectrometer has a high resolution, operando dissolution characterization of 
cathode containing multiple transition metal elements such as LNMO (lithium nickel manganese 




possible. The research aims to further understand the dissolution issue and its correlation with 
electrochemical reactions. 
7.2.2 In Situ Characterization of Sulfur Dissolution in Li-S battery 
In the dissertation, a custom cell with optical windows was used to characterize the color 
change induced by Mn dissolution during electrochemical cycling. Beyond Mn dissolution, the 
custom cell can be used to characterize other color-changing processes during the 
electrochemical reaction. 
Li-S batteries are rechargeable with high energy density.[98–101] In Li-S batteries, lithium 
ions react with sulfur cathode reversibly during charging and discharging. Sulfur dissolves in the 
electrolyte massively and forms polysulfides (Li2Sn) in the electrolyte. The dissolved polysulfide 
shuttle serves as the charge carrier to transfer Li+ ions in Li-S battery (Figure 7.2a). Based on 
the external potential, the composition of polysulfide changes, accompanied by a color change in 
the electrolyte (Figure 7.2b). 
 
Figure 7.2. Schematic of Li-S battery and its cycling properties. (a) Schematic of a Li-S 
battery.[98] (b) Cyclic voltammogram of Li-S battery. The composition of polysulfide shuttle 






Figure 7.3. Sulfur dissolution from Li-S battery in cyclic voltammetry. (a) Voltage and current 
profiles. Image of electrolyte color at (b) 0 minutes (no sulfur) (c) 200 minutes (Li2S8~Li2S4) (d) 
400 minutes (Li2S2). Scale bar: 1 mm. 
A custom cell was assembled with sulfur as cathode and Li metal as anode. For the 
cathode preparation, S8 (sulfur, Sigma Aldrich), carbon black (Timical Super P), polyvinyl 
difluoride (PVdF, Sigma Aldrich) and n-methyl-2-pyrrolidone (NMP, Sigma Aldrich) was mixed 
at 6:3:1:35 ratio by mass and homogenized for one hour with a one-minute interval between 
every 15 minutes. The slurry was cast on the Al foil with a doctor blade at 15 μm thickness and 
dried. The electrolyte was composed of 1 mol/L lithium bis(trifluoromethanesulfonyl)imide 
(LiTFSI, Sigma Aldrich) in dimethoxyethane (DME, Sigma Aldrich) and dioxolane (DOL, 
Sigma Aldrich) (1:1 by volume). The Li-S cell was cycled from open-circuit potential to 1 V, 














































proceeds, the electrolyte color changed from colorless (no sulfur) to brown (Li2S8~Li2S4) and 
eventually to yellow (Li2S2) as Li content increased in the polysulfide shuttle in Figure 7.3. The 
change of composition in polysulfide in the Li-S battery was demonstrated with the customized 
battery cell. 
The custom cell approach was proved to be successful in operando optical or 
spectroscopic characterization during electrochemical reactions. Beyond optical characterization 
in the visible range, the custom cell can be used to track the change of chemical properties with 
ultraviolet (UV) or infrared (IR) spectroscopy, with optical windows transparent in particular 
wavelength region. 
7.2.3 Potential Application of HF-responsive Microcapsules 
In Chapters 5 and 6, we demonstrated an autonomous strategy to release battery additives 
in the electrolyte with HF-responsive microcapsules. The shell wall polymer of microcapsules 
degrades when HF is generated from the electrolyte. 
One potential application of HF-responsive microcapsules is the autonomous scavenging 
of HF in the battery electrolyte. HF-scavengers, such as triethylamine (TEA), 
hexamethyldisilazane (HMDS), and diethylamino trimethyl silane (NTMSDEA) have been used 
in the battery application to mitigate the damage from HF on cathode materials.[102–106] However, 
these chemicals are usually chemically reactive and suffer from side reactions at high potential or 
with other chemicals in the electrolyte. When HF scavengers are encapsulated in HF-responsive 
microcapsules, we can potentially neutralize HF immediately upon its generation, in the 
meanwhile minimize the presence of reactive HF scavengers in the electrolyte to avoid side 
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reactions. Reactive HF scavengers can be potentially encapsulated with microfluidics 
methods.[107] 
Another potential application is the autonomous indication of HF hazard. HF is a 
colorless acid with acute toxicity. Precautions are essential for the safe handling of HF. 
Unfortunately, there are no quick and straightforward methods to identify the presence of HF. 
HF-responsive microcapsules enable the release of indicating payload on contact with HF. 
Indicators such as fluorescent dyes or aggregation-induced emission (AIE) molecules[108] can be 
dissolved in appropriate solvents and encapsulated in the HF-responsive shell wall. 
Microcapsules can directly serve as HF indicator in the powder form or can be incorporated in 
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Appendix A: Image analysis on Custom Cell with Circular Configuration 
We performed image analysis on the custom cell with a circular configuration, which was 
used in Chapter 2 for preliminary in situ Mn dissolution characterization. A similar imaging 
setup was employed, as described in Figure 3.2, except that we used reflected illumination 
instead of transmitted illumination to image the non-transparent custom cell. Figure A.1a shows 
the current response during a CV experiment on the circular custom cell. The image sequence 
was recorded every minute to analyze the distribution and transportation of the PAR-Mn 
complex. Figure A.1b-d shows the original image and ΔHue mapping of the circular custom cell 
at 0 minutes, 500 minutes, and 900 minutes, corresponding to before cycling, after the LMO 
delithiation cycle and after LMO lithiation cycle in the CV experiments respectively. We 
observed non-uniform ΔHue mapping in the circular custom cell resulting from the following 
reasons: 1) Variation in electrolyte layer thickness due to the unsmooth bottom of the circular 
custom cell. 2) Mass transport of PAR-Mn complex from the cathode. 
We further studied the mass transport of the PAR-Mn complex by analyzing ΔHue at 
different locations in the circular custom cell, as demonstrated in Figure A.2. ΔHue was 
averaged over the entire area filled with electrolyte (Overall curve in Figure A.2a and cyan area 
in Figure A.2b), over an annulus area near cathode (Nearcat curve, yellow area) and over the 
aperture used for spectroscopic characterization in Chapter 2 (Aperture curve, magenta area).  
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Figure A.1. Image analysis of custom cell with circular configuration (used in Chapter 2) during 
the CV experiment. (a) Cyclic voltammogram of the custom cell. Image sequence and ΔHue 
mapping of the custom cell during CV at (b) 0 min, before cycling (c) 500 min, after LMO 







Optical view port 







Figure A.2. Non-uniform distribution of PAR-Mn complex in the custom cell during the CV 
experiment. (a) Cyclic voltammogram of the custom cell and ΔHue value obtained at different 
locations in the custom cell. Overall: ΔHue averaged over the entire area filled with electrolyte. 
Nearcat: ΔHue averaged over the annulus area near cathode with 2 mm in width. Aperture: ΔHue 
averaged over the circular aperture (2.5 mm dia.) used for spectroscopic characterization in 
Chapter 2. (b) Illustration of locations where ΔHue was calculated. Cyan area corresponds to 
“Overall”. Yellow area corresponds to “Nearcat”. Magenta area corresponds to “Aperture”. Scale 
bar: 0.5 inch (12.7 mm). 
There is a delay in the ΔHue increase measured at the aperture compared to the ΔHue 
increase near cathode, which indicates the presence of time gap between the actual Mn 
dissolution and the detection of Mn dissolution in spectroscopic characterization. In addition, the 
increment in ΔHue measured at the aperture is smaller than the ΔHue averaged over the entire 
custom cell. The Mn concentration measured at the detection point cannot represent the average 
Mn concentration in the electrolyte. Therefore, we developed and employed a new custom cell 
with parallel electrodes for operando characterization in Chapter 3 with a more uniform Mn 




Appendix B: Side Reactions Between 3-HT and Electrolyte 
Severe side reactions have been observed when electrolyte (1 M LiPF6 in EC/DMC, 1:1 
by vol.) and 3-HT was stored together at room temperature. When 1 wt% of 3-HT was added 
into electrolyte, electrolyte showed no visible change in a short time. However, when electrolyte 
with 3-HT was stored for one week, the solution started to turn into a pink color. When the 
mixture was further stored for six months, electrolyte turned into a dark color, accompanied by 
gas formation.  
Side reactions not only impact electrolyte color but also affect the capacity profile of coin 
cells prepared by electrolyte with 3-HT. Coin cells (LMO vs. Li, 40 µL electrolyte) were cycled 
(1 C) with electrolyte containing 1 wt% 3-HT, right after preparation, and one week after 
preparation. Side reactions occurred during one week's storage period severely deteriorated 
capacity within 20 cycles. 
 
Figure B.1. Side reaction between 3-HT and electrolyte. Left: the optical image of electrolyte 
with 3-HT right after preparation, stored for one week, and stored for six months. Severe color 
change indicates the presence of side reactions. Right: Capacity profile of LMO coin cell 
prepared with 1 wt% 3-HT. One sample was cycled right after preparation, and another sample 
was cycled after one week's storage.  
As-prepared 
Electrolyte + 1 wt% 3-HT 
One week Six months 
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Appendix C: Microcapsule Mechanical Stability in Coin Cell 
Mechanical damage from high internal pressure inside the coin cell environment is the 
major issue preventing microcapsule from being widely used for battery purposes. Microcapsules 
need to survive the mechanical pressure and remain intact after coin cell assembly in order to be 
released upon chemical triggers during the cycling process. The internal pressure was estimated 
by the deformation of wave spring in coin cell to explore the mechanical stability of 3-HT 
microcapsules in a coin cell. Coin cells are assembled with NMC532 cathode, Celgard separator, 
and two different anodes (Li metal disk and MCMB). The thickness of each component was 
measured and compared to the overall coin cell thickness after assembly, shown in Table C.1. 
Wave spring compression is calculated with load-deformation data received from the 
manufacturer in Figure C.1. With commercial Li metal disk, wave spring compression was -0.46 
mm, while with MCMB anode, wave spring compression was -0.27 mm. Assuming that wave 
spring compression follows Hook's law, the load on the electrode surface is 28.7 N and 17.5 N, 
respectively, with Li metal anode and MCMB anode. Assuming all the load is distributed 
uniformly on the electrode surface (1.2667 cm2), the internal pressure of coin cell is 226 kPa and 
138 kPa with Li metal anode and MCMB anode. By replacing Li metal anode with MCMB 
anode, internal cell pressure decreased drastically, and microcapsules could better survive 





Table C.1. The thickness of coin cell components 
Coin cell component Thickness (mm) 
NMC532 vs Li NMC532 vs MCMB 
Anodic cap 0.247 
Wave spring 1.629 ± 0.003 
Steel current collector 0.52 
Anode 0.261 0.074 
Separator 0.027 
Cathode 0.057 
Steel current collector 0.52 
Cathodic cap 0.253 
Sum 3.514 ± 0.003 3.327 ± 0.003 
Overall coin cell 
thickness after assembly 
3.054 ± 0.004 
 
 
Figure C.1. Load-deformation plot of wave spring (received from manufacturer Pred 
International). X-axis: measuring point (mm). The flexure length is 0.3 mm. Sample height = 
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